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ABSTRACT 37 
Innate immune signaling is important in the pathophysiology of ischemia/reperfusion (stroke) 38 

induced injury and recovery. Several lines of evidence support a central role for microglia in 39 

these processes. Recent work has identified Toll-like receptors (TLRs) and type I interferon 40 

(IFN) signaling in both ischemia/reperfusion-induced brain injury and ischemic preconditioning-41 

mediated neuroprotection. To determine the effects of ‘ischemia/reperfusion-like’ conditions on 42 

microglia we carried out genomic analyses on wild-type (WT) and TLR4-/- cultured microglia 43 

following sequential exposure to hypoxia/hypoglycemia and normoxia/normoglycemia (H/H-44 

N/N). We observed increased expression of type 1 IFN-stimulated genes (ISGs) as the 45 

predominant transcriptomal feature of H/H-N/N-exposed WT, but not TLR4-/-, microglia. 46 

Microarray analysis on ex vivo sorted microglia from ipsilateral male mouse cortex following a 47 

transient in vivo ischemic pulse also demonstrated robust expression of ISGs. Type 1 IFNs, 48 

including the IFN s and IFN activate the IFNAR receptor complex. We confirmed both in vitro 49 

H/H-N/N- and in vivo ischemia/reperfusion-induced microglial ISG responses by quantitative 50 

real-time PCR and demonstrated that both were dependent on IFNAR1. We characterized the 51 

effects of hypoxia/hypoglycemia on phosphorylation of STAT1, release of type 1 IFNs and 52 

surface expression of IFNAR1 in microglia. We demonstrated that IFN  induces dose-53 

dependent secretion of ISG chemokines in cultured microglia as well as robust ISG expression 54 

in microglia both in vitro and in vivo. Finally, we demonstrated that the microglial ISG chemokine 55 

responses to TLR4 agonists were dependent on TLR4 and IFNAR1. Taken together, these data 56 

suggest novel ischemia/reperfusion-induced pathways for both TLR4-dependent and –57 

independent, IFNAR1-dependent, type 1 IFN signaling in microglia.  58 

59 
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SIGNIFICANCE  60 

Stroke is the fifth leading cause of death in the United States and a leading cause of serious 61 

long-term disability worldwide. Innate immune responses are critical in stroke pathophysiology, 62 

and microglia are key cellular effectors in the CNS response to ischemia/reperfusion. Using a 63 

transcriptional analysis approach, we identified a robust interferon stimulated gene response 64 

within microglia exposed to ischemia/reperfusion in both in vitro and in vivo experimental 65 

paradigms. Using a number of complementary techniques, we have demonstrated that these 66 

responses are dependent on innate immune signaling components including Toll-like receptor-4 67 

and type I interferons. We have also elucidated several novel ischemia/reperfusion-induced 68 

microglial signaling mechanisms. 69 

 70 
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 86 

INTRODUCTION 87 

Stroke accounts for more than half of all patients hospitalized for acute neurological 88 

disease in the United States and is the second most common cause of death worldwide (Mohr 89 

et al. 2010). Microglia, the resident immune cells in the CNS, play a major role in the 90 

neuroinflammatory response in many neurological diseases, including stroke (Benarroch 2013). 91 

Although microglial activation was once considered to be a relentlessly pro-inflammatory 92 

process, it is now clear that microglia can also enhance and accelerate neural cell recovery and 93 

regeneration (Hanisch and Kettenmann 2007; Kettenmann et al. 2011; Michell-Robinson et al. 94 

2015). Despite their central role in stroke pathophysiology, there is little mechanistic information 95 

available on the effects of ischemia/reperfusion on microglial gene expression and phenotype 96 

(Crotti and Ransohoff 2016). 97 

Toll-like receptors (TLRs) are a family of pattern recognition receptors involved in the 98 

immune response to pathogens (Janeway et al. 2005). Activation of TLRs by endogenous 99 

ligands, also known as danger associated molecular patterns (DAMPs), released from ischemic 100 

tissue initiates the inflammatory response in stroke (Kariko et al. 2004). A number of putative 101 

DAMPs have been identified in brain including heat shock proteins (Lehnardt et al. 2008), high 102 

mobility group box 1 (HMGB1) (Laird et al. 2014; Muhammad et al. 2008) and peroxiredoxins 103 

(Shichita et al. 2012a), which are all endogenous activators of TLR4. TLR4 signaling has been 104 

implicated in neuroinflammation (Lehnardt 2010), stroke pathophysiology (Caso et al. 2007), 105 

and ischemic preconditioning (IPC) (Hamner et al. 2015; Pradillo et al. 2009). Microglia express 106 

high levels of TLR4 and TLR4 agonists potently activate microglia (Holm et al. 2012; Olson and 107 

Miller 2004; Scheffel et al. 2012). To determine how microglial TLR4 contributes to the 108 

ischemia/reperfusion response in brain, we previously performed and reported (Weinstein et al. 109 

2010) results of microarray and bioinformatic gene set enrichment analyses on primary 110 

microglia derived from either wild-type (WT) or TLR4-/- mice following exposure to 24 hours of 111 
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either hypoxia/hypoglycemia (‘ischemia-like’) or normoxia/normoglycemia (‘control’) conditions 112 

followed by 24 hours of normoxia/normoglycemia (‘reperfusion-like’) conditions (Fig. 1A). These 113 

data and analyses demonstrated that exposure to ischemia/reperfusion-like conditions induced 114 

numerous and robust changes in the transcriptome of WT microglia, which was markedly 115 

disparate from the response of TLR4-/- microglia, and suggested a fundamental role for TLR4 in 116 

determining the microglial response to ischemia/reperfusion (Weinstein et al. 2010).  117 

Here we present new results from a higher stringency analysis of the individual gene 118 

expression data, as well as a transcription factor binding analysis, from the genomic dataset 119 

discussed above. These analyses identified type 1 interferon stimulated genes (ISGs) as the 120 

predominant transcriptional activation feature of H/H-N/N-exposed WT, but not TLR4-/-, 121 

microglia. Type 1 interferons (IFNs) are a multi-gene cytokine family than includes 14 IFN  122 

subtypes as well as a single IFN  (McNab et al. 2015). The type I IFNs are best known for their 123 

ability to induce an antiviral state in both infected and bystander cells (Ivashkiv and Donlin 2014; 124 

McNab et al. 2015). However, recent studies have implicated them as key regulators of the 125 

neuroimmune response triggered by non-infectious causes of CNS injury (Brendecke and Prinz 126 

2012; Khorooshi and Owens 2010; Owens et al. 2014; Prinz et al. 2008) and type I IFNs are 127 

implicated in experimental neuroprotective phenomena such as lipopolysaccharide (LPS) 128 

(Marsh et al. 2009) and ischemic (Hamner et al. 2015; Stevens et al. 2011) preconditioning. In 129 

the current study, we confirm the microglial ISG response to ischemia/reperfusion-like 130 

conditions in vitro and explore key aspects of the molecular mechanisms involved. Furthermore, 131 

we present complementary in vivo data demonstrating that transient ischemia followed by 132 

reperfusion in mice induces broad and robust ISG expression in acutely isolated, ex vivo sorted 133 

cortical microglia. We then characterize the dependence of this in vivo microglial response on 134 

IFNAR1 and TLR4. Based on our findings, we propose several molecular signaling pathways 135 

that underlie ischemia/reperfusion-induced microglial ISG expression and type 1 IFN signaling.  136 

MATERIALS AND METHODS 137 
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Solutions and reagents  138 

Recombinant mouse granulocyte-macrophage colony stimulating factor (GM-CSF) and 139 

IFN  were purchased from R&D Systems, Minneapolis, MN. Polyinosinic-polycytidylic acid 140 

(poly(I:C)) was obtained from InvivoGen, San Diego, CA. All solutions were freshly prepared 141 

from frozen stock solutions or lyophilized preparations. All materials were handled in a sterile 142 

manner using endotoxin-free microfuge tubes (Eppendorf/Fisher Scientific, Santa Clara, CA), 143 

polypropylene tubes (Becton Dickinson Labware, Franklin Lakes, NJ), polystyrene culture 144 

vessels (Becton Dickinson Labware), serological pipettes (Costar/Corning, Corning, NY), 145 

precision pipette tips (Rainin Instruments, LCC, Oakland, CA), water (Associates of Cape Cod, 146 

East Falmouth, MA), and PBS (Gibco/Invitrogen, Carlsbad, CA). 147 

Cell culture  148 

Primary microglia were prepared from the cortex of mixed sex neonatal (P4 or P5) 149 

C57BL/6J wild-type (WT), TLR4-/- (Hoshino et al. 1999), or IFNAR1-/- (Muller et al. 1994) mice as 150 

previously described (Giulian and Baker 1986; Moller et al. 2000). In brief, cortical tissue was 151 

carefully dissected from blood vessels and meninges, digested with 50 ng/mL DNase, triturated, 152 

and washed. Cortical cells were cultured in DMEM (Gibco/Invitrogen) supplemented with 10% 153 

heat inactivated fetal bovine serum (FBS) (Hyclone, Logan, UT) and penicillin/streptomycin 154 

(P/S), (50 I.U./ml and 50 μg/mL, respectively) (Mediatech/Corning, Manassas, VA) plus 2 ng/ml 155 

GM-CSF (R&D Systems) for 10–21 d (media change every 3–4 d). Microglia were separated 156 

from the underlying astrocytic monolayer by gentle agitation and spun down (100g for 10 min). 157 

The cell pellet was resuspended in DMEM/10% FBS with P/S plus 2 ng/ml GM-CSF and plated 158 

on BD Primaria™ culture dishes and plates (Falcon, St. Laurent, Quebec, Canada) at a density 159 

of 2 x 105 cells per well in 24 well plates for gene expression, cell viability and flow cytometry 160 

studies or 5 x 104 cells per well in 96 well plates for ELISA studies. Non-adherent cells were 161 

removed 30-60 min after plating by changing the medium and adherent microglia were 162 
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incubated for 24 h in culture medium.  We confirmed purity of our primary microglia population 163 

by flow cytometry based on their expression of CD11b (>96% of total cell population).  164 

Hypoxia/hypoglycemia followed by normoxia/normoglycemia (H/H-N/N) paradigm 165 

We have previously demonstrated that 1% oxygen combined with moderate hypoglycemia 166 

(250 M glucose) induces marked increases in both intracellular hypoxia inducible factor-1 (HIF-167 

1) levels and HIF-1 target gene expression in primary microglia (Weinstein et al. 2010). For the 168 

current study, microglia were serum-starved for 24 hours in DMEM (high glucose 4.5 g/l or 25 169 

mM) with 1x insulin/transferrin/selenium-G (ITS) supplement (Invitrogen) and albuMAX I (1 170 

mg/ml) (Invitrogen). We will refer to the above prepared solution as serum free medium- 171 

normoxia/normoglycemia or SFM-N/N. Next, microglia were treated for 24 hours in either SFM-172 

N/N in normoxic (21% O2) control conditions or SFM containing glucose-free DMEM 173 

supplemented with 250 M glucose plus 25 mM non-metabolizable sucrose (to control for 174 

osmolarity) in hypoxic (1% O2) conditions (SFM-hypoxia/hypoglycemia or SFM-H/H). The latter 175 

was used to mimic ‘ischemia-like’ conditions. Finally, cells were cultured for 24 hours in SFM-176 

N/N medium and normoxic (21% O2) control conditions to mimic ‘reperfusion-like’ conditions 177 

(Fig. 1A). We will refer to this entire experimental paradigm as hypoxia/hypoglycemia followed 178 

by normoxia/normoglycemia or H/H-N/N throughout the manuscript. Our lactate dehydrogenase 179 

(LDH) release (Fig. 1 B-C) and Trypan Blue dye exclusion (Fig. 1D) data indicate that the 180 

moderate degree of hypoxia/hypoglycemia used in our H/H-N/N model induced a relatively 181 

small amount of cell death and that cell viability stabilized following restoration of 182 

normoxic/normoglycemic conditions. 183 

Cell viability assays 184 

Released LDH activity is a stable enzymatic marker that correlates with cell death (Koh and 185 

Choi 1987). To further characterize the effects of our H/H-N/N paradigm on basic properties of 186 

cultured primary microglia, we carried out LDH release assays on conditioned medium at two 187 

time points: immediately following 24 hours of hypoxic/hypoglycemic exposure (timepoint a) and 188 
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immediately following the ensuing 24 hours normoxic/normoglycemic exposure (timepoint b) 189 

(Fig. 1A). An enzymatic assay was used to measure cytoplasmic LDH released into the medium 190 

using the LDH kit according to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, USA). 191 

In brief, the medium of each well was collected and added to a 96-well plate and incubated for 192 

30 min at room temperature with the Substrate Mix provided by the kit to detect LDH activity. A 193 

stop solution (1 N HCL) was added and the absorbance of the sample was measured at 490 nm 194 

in a microplate reader. Each sample was tested three times and an average value was 195 

recorded. One well (treated with normoxic/normoglycemic conditions) was lysed by incubating 196 

with the kit lysis solution for 45 min to obtain a measure of total LDH. The amount of LDH 197 

released into the culture medium was expressed as the percentage of total LDH release. We 198 

found that WT primary microglia exposed to hypoxic/hypoglycemic conditions for 24 hours (time 199 

point a in Fig. 1A) showed more LDH release (a surrogate marker for cell death) than those 200 

exposed to normoxia/normoglycemia ‘control’ conditions (16±3% vs. 4±1%, t = 4.617, p = 201 

0.0002; unpaired t-test) (Fig. 1B) at the same time point. However, following medium change 202 

and an additional 24 h in normoxia/normoglycemia (‘reperfusion-like’) conditions (timepoint b in 203 

Fig. 1A), LDH release levels returned to baseline (9±1% vs. 6±1%, t = 1.763, p = 0.0969, 204 

unpaired t-test) (Fig. 1C). Trypan Blue exclusion assay is another well-described method for 205 

quantifying cell viability (Cadena-Herrera et al. 2015). In order to confirm our LDH assay 206 

findings, we collected microglia exposed to 24 h of hypoxia/hypoglycemia (time point a in Fig. 207 

1A) and carried out direct cell counting of viable (refractile appearing, Trypan Blue negative) 208 

microglia using phase-contrast microscopy. We observed a mild decrease in cell viability 209 

following exposure to 24 hours of hypoxia/hypoglycemia that was not significant (t = 1.193, p = 210 

0.2988, unpaired t-test) (Fig. 1D).  211 

In vivo model of transient ischemia/reperfusion and ex vivo flow cytometry 212 

 Transient (15 min) middle cerebral artery occlusion/reperfusion (tMCAO/R) or sham 213 

surgery was performed under isoflurane inhalational anesthesia on 12 to 14 week old male WT, 214 
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TLR4-/- (Hoshino et al. 1999), or IFNAR1-/- (Muller et al. 1994) mice using the transient 215 

intraluminal filament method (Longa et al. 1989) with laser doppler flowmetry for monitoring of 216 

cerebral blood flow (CBF) as we have previously described (McDonough and Weinstein 2016; 217 

Su et al. 2014). We excluded mice with less than 70% reduction in CBF from further processing. 218 

Following transient MCAO, the filament was removed and MCA reperfusion was confirmed by 219 

laser doppler. Incisions were sutured closed and mice were allowed to recover with full vascular 220 

reperfusion for 72 hours (McDonough and Weinstein 2016; Su et al. 2014) (Fig. 1E). Mice were 221 

then deeply anesthetized with intraperitoneal sodium pentobarbital and perfused intracardially 222 

with ice cold Calcium- and Magnesium-free Hank’s Balance Salt Solution (HBSS) (Invitrogen) 223 

containing 1 mM HEPES. Ipsilateral and contralateral or sham operated cortices were dissected 224 

out separately and then mechanically and enzymatically dissociated as previously described 225 

(McDonough and Weinstein 2016; Su et al. 2014). Depletion of myelin and positive selection of 226 

myeloid cells with CD11b microbead column (Miltenyi Biotec) were performed as described 227 

(McDonough and Weinstein 2016; Su et al. 2014).  Myeloid enriched cell suspension was 228 

stained with a panel of fluorochrome conjugated antibodies (BD Pharmingen, San Diego, CA; 229 

eBioscience Inc., San Diego, CA; Fisher Scientific, Kent, WA) against microglia, macrophage 230 

and neutrophil markers as well as 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride 231 

(DAPI) (Sigma-Aldrich, St. Louis, MO) and flow cytometrically sorted on a BD ARIA II cell sorter 232 

directly into TRIzol LS reagent (Invitrogen).  Microglia were defined as the population of live 233 

(DAPInegative) cells that were Ly6Cnegative, Ly6Gnegative, F4/80positive, CD45low/intermediate as we have 234 

previously reported (McDonough and Weinstein 2016). Cellular identity of sorted cortical 235 

microglia was confirmed by our transcriptional analysis on extracted microglial RNA showing 236 

high levels of expression (>95% of all genes in microarray) for multiple known microglia specific 237 

genes (Butovsky et al. 2014) including P2ry12, Fcrls, Tmem119, Hexb and Tgfbr1 in both naïve 238 

and ischemia/reperfusion-exposed WT mice. It is important to note that our tMCAO/R model is a 239 

unilateral insult and allows for an internal control in ex vivo studies: the contralateral cortex. An 240 
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important advantage of using contralateral controls is that they eliminate a key source of 241 

biological variability since ipsi- and contra-lateral samples are all drawn from the same animals, 242 

isolated in parallel, and subjected to the same conditions of mechanical and enzymatic 243 

digestion. Thus, cellular changes in gene expression that may occur in the process of microglial 244 

isolation are reflected in both control and ischemia/reperfusion hemispheres of the brain and 245 

should not confound true in situ biological changes induced by ischemia/reperfusion. 246 

Intracerebroventricular injection of interferon-   247 

 Mice (12 to 14 week old males) were anesthetized with 4% isoflurane to induce, and 2% 248 

to maintain, the surgical plane. The mouse heads were immobilized within a stereotaxic frame in 249 

flat skull position and a one-centimeter mid-sagittal skin incision was made on the scalp to 250 

expose the skull. The coordinates for the lateral ventricle location were determined based on the 251 

Paxinos and Franklin adult mouse brain atlas. A hole was drilled through the skull at the 252 

appropriate coordinates (−0.9 mm anteroposterior, 1.4 mm lateral to the bregma, and 2.0 mm 253 

from the skull surface), and a needle was stereotaxically advanced so that the internal tip was 254 

located within the right lateral ventricle. The solution of either 2,000 U recombinant mouse IFN  255 

(R & D Systems) or sterile saline vehicle was injected in a volume of 2 l over a period of 2 min. 256 

The needle was kept at the site for an additional 5 min before being slowly withdrawn to prevent 257 

back flow. Twenty-four hours after injection of either IFN  or vehicle, the mice were euthanized 258 

and their brains collected as above for ex vivo flow cytometric sorting of microglia.  259 

Microarray Analysis 260 

For both in vitro and in vivo studies, microglial RNA was extracted, analyzed and processed for 261 

hybridization to Mouse Gene 1.0 ST Arrays (Affymetrix) as described previously (Anderson et 262 

al. 2011). Raw data was processed, normalized and analyzed as previously described (Smyth 263 

2004; Weinstein et al. 2010; Wu et al. 2004). For in vitro studies, individual genes with evidence 264 

for significant differential expression between strains (WT vs. TLR4-/-) and/or conditions (H/H-265 

N/N vs. control) were identified by fitting an analysis of variance (ANOVA) model to the data, 266 
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using the Bioconductor limma package (Ritchie et al. 2015) and then computing empirical Bayes 267 

adjusted contrasts (Phipson et al. 2016). We selected genes based on an unadjusted p < 0.05 268 

as well as a 2.0-fold (for in vitro dataset) difference in expression, based on the 269 

recommendations of the MAQC consortium (Shi et al. 2006). Comparisons showing distinct and 270 

overlapping subsets of significantly regulated (>2-fold) individual genes are presented as a 271 

Venn diagram (Fig. 2A). We carried out bioinformatic transcription factor binding site 272 

(TFBS)/promoter analysis on the regulatory regions of the H/H-N/N-regulated genes in the WT 273 

microglia. TFBSs were predicted using Pscan (Zambelli et al. 2009), a web-based tool that 274 

compares the promoter regions of user-supplied lists of transcripts against known TFBS 275 

sequences and calculates a genome wide background score for each TFBS and a Z-score for 276 

each transcription factor (TF). Each TF is then ranked by their Z-score, which indicates the 277 

likelihood that one or more consensus binding sites for a particular TF is more frequent in the 278 

promoters of user-supplied transcripts than in the genome background. For our in vivo 279 

microarray data (Table 3), we selected genes based on an unadjusted p < 0.05 as well as a 280 

1.5-fold difference in expression (Shi et al. 2006). We calculated adjusted p-values to take into 281 

account the false discovery rate in the setting of multiple comparisons. 282 

Reverse Transcription and Quantitative Real-Time PCR 283 

To detect mRNA expression of a panel of ISGs in mouse primary microglia, RNA was 284 

first isolated using the RNeasy Micro kit (Qiagen, Valencia, CA) with on-column DNase 285 

digestion. For in vitro IFNβ-stimulated microglia, the Mouse Interferon α, β Response RT2 286 

Profiler PCR Array (Qiagen) (catalog #330231 PAMM-016) was used. RNA (600 ng) was 287 

reverse transcribed into cDNA using the RT2 First Strand cDNA Synthesis kit (Qiagen) including 288 

genomic DNA elimination step per manufacturer’s protocol. Quantitative real-time polymerase 289 

chain reaction (qRT-PCR) was then performed on a StepOnePlus real-time PCR system 290 

(Applied Biosystems, Carlsbad, CA) using the RT2 SYBR Green ROX reference dye qPCR 291 

Mastermix (Qiagen) under the following cycling parameters: (i) 95°C for 10 min; (ii) 40 cycles, 292 
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with each cycle consisting of 95°C for 15 sec and 60°C for 1 min. Subsequent melt curve step 293 

was carried out to verify single species PCR product. 294 

For primary microglia exposed in vitro to H/H-N/N or control conditions as well as for ex 295 

vivo sorted cortical microglia from both ipsilateral and contralateral mouse brain 72 hours post 296 

tMCAO/R or 24 hours post ICV injection of IFN , custom PrimePCR Assay plates (Bio-Rad, 297 

Hercules, CA) were used that contained a selection of ISG target genes along with three chosen 298 

housekeeping genes (hprt, ywhaz and sdha). RNA (250 ng) was reverse transcribed into cDNA 299 

using the iScript  Reverse Transcription Supermix (Bio-Rad). qRT-PCR was then performed 300 

using the SsoAdvanced  SYBR Green  Supermix (Bio-Rad) along with the appropriate 301 

controls per manufacturer’s protocol. PCR cycling conditions were carried out as follows: (i) 302 

95°C for 30 sec; (ii) 40 cycles, with each cycle consisting of 95°C for 10 sec and 60°C for 30 303 

sec. Melt curve analysis was performed thereafter.   304 

Data was analyzed using Sequence Detection Software v1.3 (Applied Biosystems) as 305 

previously described (Quan et al. 2009) and with PRISM software (GraphPad, La Jolla, CA). 306 

Relative fold changes were calculated using the delta-delta Ct method. For fold changes less 307 

than unity, values were converted to their negative inverse in order to obtain the fold down-308 

regulation.  309 

ELISAs for secreted chemokines and cytokines 310 

ELISAs were carried out as previously described (Weinstein et al. 2005). In brief, 311 

microglia were plated in 96-well plates in DMEM with 10% FBS and after 24 hours, cells were 312 

washed once with PBS and cultured (‘serum starved’) in SFM-N/N for additional 24 hours prior 313 

to stimulation with indicated dosages of either IFN , lipopolysaccharide (LPS) (Associates of 314 

Cape Cod, East Falmouth, MA), human recombinant heat shock protein 70 (HSP70) (Bio 315 

Vision, Mountain View, CA), or H/H-N/N for the indicated time periods. Quantification of 316 

chemokines CXCL10 and CCL5 was carried out using mouse-specific antibody pairs and 317 
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mouse protein standards designed for ELISA application (R&D Systems). Quantification of IFN  318 

was carried out using LEGEND MAX  mouse IFN  ELISA kit (BioLegend, San Diego, CA). 319 

Quantification of IFN  was carried out using VeriKine  mouse IFN  ELISA kit (PBL Interferon 320 

Source, Piscataway, NJ). All experiments were carried out in accordance with manufacturer’s 321 

instructions with a minimum of 12 wells per condition (n ≥ 12) and a minimum of three 322 

independent experiments. 323 

Flow cytometry-based assays for expression of surface receptors and phosphorylation 324 

of STAT1  325 

Following IFN  stimulation or hypoxia/hypoglycemia treatment, primary microglia were 326 

detached from 24-well plates in ice-cold 2 mM EDTA/PBS. Cells were then washed with FACS 327 

medium (HBSS containing 10% FBS and 10 mM HEPES) and incubated with Fc block (BD 328 

Pharmingen) for 5 min on ice. Primary microglia were then stained with DAPI (Sigma-Aldrich) 329 

and separately with one of the following fluorochrome-conjugated antibodies: Anti-mouse-CD45 330 

(BD Pharmingen), -F4/80, -CD11b, -TLR4 (eBioscience), -IFNAR1 or -CD64 (Fc R1) 331 

(BioLegend) for 60 min on ice. Following antibody staining, cells were washed and resuspended 332 

in 250 μl FACS medium. To quantitatively assess phosphorylation of STAT1, following 333 

stimulation and cell collection as above, microglia were fixed in 4% paraformaldehyde for 15 334 

min, washed with PBS and then permeabilized in Perm/Wash  buffer (BD Biosciences) for 15 335 

min. Cells were then washed again and stained with fluorochrome conjugated mouse anti-336 

pSTAT1 (pY701) or isotype control antibodies (BD Biosciences) for 45 min at 4°C in Stain 337 

Buffer  (BD Biosciences) and then washed twice. Data acquisition and analysis was performed 338 

using the BD FACSCantoTM II flow cytometer and FlowJo™ software (Tree Star Inc., Ashland, 339 

OR). Numerical data for surface antigen expression is given as the mean ± SEM of the 340 

normalized specific binding median values from each independent experiment. For pSTAT1 341 
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assays, we show the percentage of events in the pSTAT1 positive gate in unstimulated or 342 

stimulated cells stained with the anti-pSTAT1 antibody  (a baseline value of ≤2.5% positive 343 

events was set by gating using unstimulated cells stained with isotype control antibody). 344 

Numerical data for pSTAT1 assays indicate mean ± SEM of the positive events normalized to 345 

either unstimulated or IFN stimulated cells as indicated. All experiments were carried out in 346 

triplicate unless otherwise indicated.  347 

Experimental Design and Statistical Analysis 348 

Statistical evaluation was carried out using PRISM v5.0 software (GraphPad). 349 

Comparisons between multiple experimental groups were made using one or two-way ANOVA 350 

with Bonferroni’s or Dunnett’s post-test as appropriate. For comparisons between a single 351 

experimental group and a control group, we used student’s t-test. p<0.05 was considered to be 352 

significant. Data are given as mean  SEM. Details on statistical analyses and experimental 353 

design, including which tests were performed, F and/or t values as appropriate, exact p values 354 

(within resolution of software limits), sample sizes (N) and replicates are provided within the 355 

Results describing each figure, or within the legend of each figure. Data tables reporting fold 356 

regulation also include separate columns for both raw and adjusted p-values, with experimental 357 

conditions and replicates included to facilitate reproducibility of data. 358 

Vertebrate animal numbers: The number of animals used in each experiment (indicated 359 

in Methods, Results describing each Figure, and/or in figure legends) was determined using a 360 

modified power analysis with improved stopping rules for the design of efficient small sample 361 

experiments (Fitts 2010). This analysis identified a range (minimum to maximum) for the 362 

number of animals per experimental group sufficient to achieve a statistically significant 363 

difference (p<0.05, 90% power) between the experimental and treatment groups, including 364 

multiple genotypes, for each in vivo experiment.  365 

 366 

RESULTS 367 
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Hypoxia/hypoglycemia followed by normoxia/normoglycemia induces interferon 368

stimulated gene expression in WT, but not TLR4-/-, microglia in vitro 369

Macrophages trafficking into areas of inflammation experience partial pressures of 370

oxygen (pO2) of 4-20 mm Hg or 0.5-2.5%. This level of hypoxia is low enough to induce 371

stabilization of hypoxia inducible factor-1  (HIF-1 -1 target 372

genes. Approximately the same pO2 levels (0.5–2.5%) have been documented in the ischemic 373

penumbra of rodents (Liu et al. 2006) and other mammals (Frykholm et al. 2005; Liu et al. 2004) 374

undergoing MCAO. We have previously demonstrated that sequential 24 hour intervals of 375

moderate hypoxia (1% oxygen) combined with hypoglycemia (250 M glucose) followed by 376

normoxia/normoglycemia (H/H-N/N) induced increased intracellular HIF-1 levels and also 377

increased expression of HIF-1 gene targets vegf and glut1 in WT primary microglia (Weinstein 378

et al. 2010). We also previously reported that the H/H-N/N experimental paradigm induced 379

significant differential regulation of individual genes in WT and TLR4-/- microglia (Weinstein et al. 380

2010).  381

In order to gain further insight into the ischemia-reperfusion induced transcriptomal 382

changes in both WT and TLR4-/- microglia, we first re-analyzed our microarray data at a higher 383

level of stringency (absolute fold regulation changes > 2.0, p<0.05) and were immediately struck 384

by the preponderance of ISGs present in the H/H-N/N-exposed WT, but not TLR4-/-, microglia 385

(Fig. 2A). Of the 46 identified genes expressed significantly above the two-fold threshold in the 386

H/H-N/N-exposed WT microglia, we identified 23 (50%) that could be readily established as 387

ISGs (Table 1) based on a combination of known promoter sequence and prior reports in the 388

literature. We confirmed ISG status for each gene using the Interferome database 389

(http://www.interferome.org/). Among these 23 genes were prototypical ISGs including 390

interferon regulatory factor 7 (irf7), 2'-5' oligoadenylate synthetase 3 (oas3), myxovirus 391

resistance 2 (mx2), ubiquitin specific peptidase 18 (usp18) and chemokine (C-C motif) ligand 5392

(ccl5/rantes). In contrast, none of the 23 ISGs were significantly up-regulated by exposure to 393
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H/H-N/N in the TLR4-/- microglia (Fig. 2B) and no other H/H-N/N-induced ISGs were identified in 394 

the TLR4-/- microglia.  395 

Hypoxia/hypoglycemia followed by normoxia/normoglycemia induces activation of 396 

interferon regulatory transcription factors in WT, but not TLR4-/-, microglia 397 

We next carried out a bioinformatic transcription factor binding site (TFBS) analysis on 398 

the regulatory regions of the H/H-N/N-regulated genes in the WT primary microglia. Out of a 399 

total of 283 analyzed TFBSs, 48 were represented at levels significantly above the 400 

transcriptional background. The four transcription factors with the highest statistical association 401 

were ISGF3, IRF2, IRF1, and IRF7 (Table 2), all known downstream targets of type 1 IFN 402 

signaling. Thus, H/H-N/N induced a robust, TLR4-dependent, genomic response in primary 403 

microglia that implicated a specific subset of IFN signaling pathways. In addition to the four 404 

immunomodulatory IRFs identified, other H/H-N/N-activated transcription factors in the WT 405 

microglia included classical pro-inflammatory factors such as activator protein-1 (AP-1), NF B, 406 

the erythroid cell transcription factor GATA1, and the cell growth suppressing transcription factor 407 

nuclear factor 1 (NF1). 408 

The hypoxia/hypoglycemia followed by normoxia/normoglycemia-induced interferon 409 

stimulated gene response is dependent on intact IFNAR1 410 

In order to confirm the H/H-N/N-induced ISG response in microglia, we carried out qRT-411 

PCR analyses on separate primary microglial cultures that had been exposed to H/H-N/N with a 412 

panel of primer/probe sets corresponding to six ISGs identified in our microarray: Ifit1, Ifit2, Irf7, 413 

Oas3, Usp18, and Mx2. We found that exposure to ischemia/reperfusion-like (H/H-N/N) 414 

conditions significantly increased expression of all six ISGs (Fig. 2C). The magnitude of the ISG 415 

up-regulation varied from just under two-fold to greater than four-fold. These changes were 416 

consistent with those seen in our microarray data (Table 1). To determine the extent to which 417 

the H/H-N/N-induced ISG response in microglia was dependent on type 1 IFN receptor IFNAR1, 418 

we exposed primary microglia derived from IFNAR1-/- mice to H/H-N/N in parallel with WT 419 
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microglia. In contrast to the WT microglia, in IFNAR1-/- microglia, H/H-N/N failed to induce 420 

significantly increased expression in any of the ISGs examined on our aforementioned qRT-421 

PCR panel (Fig. 2D). H/H-N/N did not induce increased expression of two additional ISGs that 422 

we tested (tnfsf10 and cxcl10) in IFNAR1-/- microglia (Fig. 2D). Thus, our data demonstrate that 423 

the ISG response to H/H-N/N in microglia is dependent on intact IFNAR1.  424 

Hypoxia/hypoglycemia followed by normoxia/normoglycemia induces time-dependent 425 

changes in phosphorylation of signal transducer and activator of transcription 1 (STAT1) 426 

IFNβ and all of the IFNα subtypes bind to, and signal through, IFNAR, a heterodimeric 427 

transmembrane receptor composed of the subunits IFNAR1 and IFNAR2 (Ivashkiv and Donlin 428 

2014; McNab et al. 2015). Ligation of IFNAR activates the receptor-associated protein tyrosine 429 

kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). In the canonical pathway of 430 

IFNα/β-mediated signaling, activated JAK1 and TYK2 phosphorylate signal transducer and 431 

activator of transcription 1 (STAT1) and STAT2 molecules that are present in the cytosol, 432 

leading to the dimerization, nuclear translocation, and binding of these molecules to IRF9 to 433 

form the ISG factor 3 (ISGF3) complex. This complex then binds to IFN-stimulated response 434 

cis-elements (ISRE) in ISG promoters, leading to the transcription of ISGs (Ivashkiv and Donlin 435 

2014; McNab et al. 2015). We hypothesized that in primary WT microglia, ischemia/reperfusion 436 

would lead to activation of the IFN signaling pathway via phosphorylation of STAT1. We sought 437 

to test this hypothesis by culturing WT microglia and exposing them to our H/H-N/N 438 

experimental paradigm (Fig. 1A), then assessing the level of STAT1 phosphorylation at multiple 439 

time points using flow cytometry (Fig. 3). Our results indicate dynamic and complex temporal 440 

changes in the level of STAT1 phosphorylation in the H/H-N/N-exposed microglia with variable 441 

levels early after exposure to hypoxia/hypoglycemia, marked down regulation later in the 442 

hypoxia/hypoglycemia time course, and then partial recovery toward baseline levels following 443 

re-introduction of normoxic/normoglycemic conditions (Fig. 3A, C). Despite this dynamic, and at 444 

times robust, induction of STAT1 phosphorylation at early time points of hypoxia/hypoglycemia 445 
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exposure, changes observed during the time course of our study were not statistically significant 446 

(F value = 1.179, p = 0.3295, ANOVA), which does not necessarily rule out biological 447 

consequences of variations in pSTAT1 levels. In addition, we demonstrated that exposure to 448 

IFN  induced robust and rapid phosphorylation of STAT1 in WT microglia (t = 10.24, p < 449 

0.0001, unpaired t-test) (Fig. 3B). Exposure to TLR4 agonist lipopolysaccharide (LPS) for 3 450 

hours induced variable levels of phosphorylation of STAT1 in WT, but not IFNAR1-/-, microglia 451 

(data not shown).  452 

We noted that in WT microglia there was considerable variability in the extent of STAT1 453 

phosphorylation at the canonical Tyr-701 site induced by either IFN  (Fig. 3B) or 454 

hypoxia/hypoglycemia (Fig. 3C). We considered the possibility that this variability might be due 455 

in part to the physiological state of the microglia prior to stimulation. In particular, a recent 456 

publication (Parajuli et al. 2012) demonstrated that pre-treatment of microglia with high doses 457 

(20 ng/ml) of GM-CSF for 48 hours increased expression of TLR4 and CD14, both of which are 458 

closely linked with type 1 IFN signaling in microglia (Janova et al. 2016; Zanoni et al. 2011). In 459 

our microglial culture paradigm, microglia are exposed to low concentrations of GM-CSF (2 460 

ng/ml) during the mixed glial culture phase (Witting and Moller 2011). At this concentration, GM-461 

CSF is reported to have minimal or no effect on microglial response to a variety of agonists 462 

(Esen and Kielian 2007). Nevertheless, we wanted to further explore the potential effects of GM-463 

CSF on this specific parameter, so we carried out pilot studies examining the effects of pre-464 

treatment for 48 hours with varying concentrations of GM-CSF (0, 0.2, 2 and 20 ng/ml) on 465 

hypoxia/hypoglycemia-induced phosphorylation of STAT1. None of the concentrations of GM-466 

CSF tested resulted in a change in the ability of hypoxia/hypoglycemia to induce 467 

phosphorylation of STAT1, although the highest concentration (20 ng/ml) significantly boosted 468 

IFN -induced STAT1 phosphorylation (data not shown). Other potential physiologic causes of 469 

this variability are more difficult to assess experimentally but might include differences in the 470 

overall cell cycle state (Stephanou and Latchman 2005; Swiatek-Machado and Kaminska 2013) 471 
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and/or extent of intracellular glycogen storage (Fuchs et al. 1998; Hu et al. 2007) of the 472 

microglia population at time of exposure to hypoxia/hypoglycemia. Notably, in TLR4-/- microglia, 473 

there was consistently no pSTAT1 response to hypoxia/hypoglycemia (data not shown). 474 

Hypoxia/hypoglycemia does not induce detectable release of type 1 interferons from 475 

microglia  476 

Microglia can produce and release type 1 IFNs following stimulation with various TLR 477 

ligands (Janova et al. 2016; Kapil et al. 2012; Town et al. 2006). Given the ISG response we 478 

observed in microglia following exposure to H/H-N/N, we hypothesized that this ISG response 479 

could be induced by an autocrine/paracrine mechanism featuring release of type 1 IFNs from 480 

microglia under ischemia/reperfusion-like conditions. To test this hypothesis, we exposed WT 481 

microglia for 24 hours to either hypoxia/hypoglycemia (timepoint a in Fig. 1A), TLR3 agonist 482 

poly (I:C), or TLR4 agonist LPS, and then assayed conditioned medium for IFN  and IFN  483 

using high sensitivity ELISAs as previously described (Janova et al. 2016). We found that 484 

exposure to poly (I:C) induced robust secretion of both IFN  and IFN  whereas LPS treatment 485 

induced moderate release of IFN , but not IFN , from microglia. Exposure to 486 

hypoxic/hypoglycemic conditions did not induce any detectable microglial release of IFN  or 487 

IFN  (Fig. 4A).  488 

Hypoxia/hypoglycemia eliminates microglial surface expression of IFNAR1 489 

TLR4 activation via hypoxia/hypoglycemia is followed by one or more of several 490 

possibilities including: (i) release of low (<10 picomolar) concentrations (undetectable by ELISA 491 

as we report in Fig. 4A) of type 1 IFNs that in turn activate IFNAR1 via classical extracellular 492 

high affinity ligand-receptor docking (Ivashkiv and Donlin 2014) or (ii) induction of ligand-493 

independent IFNAR1 activation and endocytosis (Liu et al. 2008). Our data presented in Fig. 494 

2C-D showed that the microglial ISG response to H/H-N/N was dependent on intact type 1 IFN 495 

receptor IFNAR1. Prior literature has established that stimulation with type 1 IFNs result in rapid 496 

ubiquitination, endocytosis, and proteolytic degradation of IFNAR1 (Kumar et al. 2003). Here we 497 
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sought to characterize the effects of ischemia-like conditions on expression of IFNAR1 in 498 

microglia with our hypothesis being that exposure to hypoxia/hypoglycemia would result in a 499 

decrease in surface expression of IFNAR1, as activated IFNAR would be endocytosed and 500 

degraded. We quantified the effect of hypoxia/hypoglycemia on cell surface expression of 501 

IFNAR1 in microglia using flow cytometry and found that hypoxia/hypoglycemia induced near 502 

complete loss (98% reduction) of specific binding for anti-IFNAR1 antibody (Fig. 4B-C). We 503 

considered the possibility that this dramatic reduction in IFNAR1 surface expression might be 504 

due to generalized metabolic shutdown in the setting of hypoxia/hypoglycemia, however, none 505 

of the other microglial surface antigens measured, including CD64, CD45, TLR4 or F4/80, 506 

exhibited such a robust reduction in surface expression and one of them (F4/80) increased 507 

substantially (Fig. 4C).  Thus, these findings are not likely explained solely by loss of energy 508 

substrate under hypoxic/hypoglycemic conditions. We also confirmed the specificity of our 509 

assay by demonstrating that stimulation with IFN  (1,000 U/ml x 24 h) induced near complete 510 

loss (99% reduction) of specific binding for anti-IFNAR1 antibody (Fig. 4D-E), but either 511 

increased or induced no change in the other microglial surface antigens (Fig. 4E).  512 

Interferon-  induces robust interferon stimulated gene expression in both WT and TLR4-/- 513 

microglia 514 

We hypothesize that the TLR4-dependence of the ISG response is the result of 515 

microglial release of danger associated molecular patterns (DAMPs) that activate TLR4 on the 516 

microglial cell surface in an autocrine/paracrine manner (Lehnardt et al. 2008; Qiu et al. 2008; 517 

Shichita et al. 2012b). Due to limitations with our in vitro hypoxia/hypoglycemia model discussed 518 

below, we used other less complex in vitro paradigms to directly assess the effects of the 519 

relevant type 1 IFN and TLR agonists on microglial ISG expression for controlled dissection of 520 

intracellular mechanisms that could potentially be involved in the microglial response to 521 

ischemia/reperfusion-like conditions. In order to: (i) gain further insight into the ability of WT 522 

microglia to respond to type 1 IFNs and (ii) ensure that TLR4-/- microglia, which unlike WT 523 
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microglia did not up-regulate ISGs in response to H/H-N/N (Fig. 2A-B), were still intrinsically 524 

capable of activating a type 1 IFN transcription program, we stimulated both WT and TLR4-/- 525 

microglia with recombinant mouse IFN  (1,000 U/ml) for six hours and quantified changes in 526 

steady state levels of mRNA for numerous ISGs using a type 1 IFN gene targeted qRT-PCR 527 

array. We found that IFN  induced broad and robust ISG expression in both WT and TLR4-/- 528 

microglia (Fig. 5A-D). Prototypical ISGs highly induced in both WT and TLR4-/- microglia 529 

included isg20, oas2, irf7, gbp1, mx1, ifit1 and cxcl10. Many of the IFN -induced genes 530 

significantly up-regulated in both WT and TLR4-/- microglia included ones we had seen induced 531 

only in WT microglia by H/H-N/N, including irf7, gbp2 and ifit1 (Fig. 2B). Other IFN -induced 532 

ISGs were ones that were not induced by H/H-N/N in WT microglia (such as cxcl10, ifnb1 and 533 

isg20), most likely reflecting the greater potency of stimulation by a relatively high concentration 534 

of IFN .  In order to demonstrate that the microglial response to IFN could also be seen in vivo, 535 

we carried out qRT-PCR analyses on ex vivo sorted cortical microglia isolated from cortex of 536 

WT mice that had been exposed 24 hours earlier to intracerebroventricular (ICV) injection of 537 

IFN as described in the Methods, using our panel of primer/probe sets corresponding to six 538 

well-defined ISGs. We found that exposure to ICV injection of IFN  significantly and robustly 539 

increased expression of five out of six of these ISGs in the sorted microglia (Fig. 5E).  540 

TLR4-mediated microglial production of interferon stimulated gene chemokines CXCL10 541 

and CCL5 is dependent on IFNAR1  542 

We next determined if stimulation of microglia with IFN  directly could induce ISG 543 

expression at the protein level. We chose to focus on two well-characterized ISG chemokines, 544 

CXCL10 (Ohmori and Hamilton 1993) and CCL5 (Lin et al. 1999), and measured their IFN -545 

induced release into conditioned medium. After 24 hours of exposure, IFN  induced a dose-546 

dependent release for both CXCL10 and CCL5 starting at a concentration of 10 U/ml (CXCL10: 547 

F value = 5.614, p = 0.0080; CCL5: F value = 10.39, p = 0.0007; One-way ANOVAs) (Fig. 6A-548 

B). The time course of IFN -induced chemokine release showed that CXCL10 levels continued 549 
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to increase at 72 hours (Fig. 6C), whereas the highest CCL5 levels were measured at 24 hours 550 

(Fig. 6D).  551 

Observing that: (i) TLR4 is required for H/H-N/N-induced ISG expression and (ii) 552 

hypoxia/hypoglycemia eliminates surface expression of IFNAR1 in microglia, we sought to 553 

determine whether TLR4 agonists could induce ISG chemokine production and secretion, and 554 

whether or not this was dependent on TLR4 and/or IFNAR1. We stimulated WT, IFNAR1-/-, and 555 

TLR4-/- microglia with heat shock protein-70 (HSP70) or LPS, both potent activators of TLR4 556 

(Marsh and Stenzel-Poore 2008; Weinstein et al. 2010). We found that stimulation with either 557 

TLR4 agonist induced robust secretion of CXCL10 and CCL5 in WT microglia (Fig. 6E-F). As 558 

expected, stimulation of TLR4-/- microglia with either HSP70 or LPS elicited little or no secretion 559 

of CXCL10 or CCL5. Interestingly, IFNAR1-/- microglia showed markedly reduced CXCL10 560 

release (91% reduction for HSP70, 94% reduction for LPS), and smaller but still significant 561 

decreases for CCL5 (40% and 34% for HSP70 and LPS, respectively). These data demonstrate 562 

that TLR4-agonist induced secretion of ISG chemokines is dependent on TLR4 and at least 563 

partially dependent on IFNAR1.  564 

Transcriptome analysis of ex vivo sorted cortical microglia reveals an in vivo 565 

ischemia/reperfusion-induced interferon stimulated gene response  566 

 Our in vitro H/H-N/N model has some limitations, including cellular energy depletion and 567 

absence of communication with (non-microglial) CNS cells. Furthermore, previous studies have 568 

demonstrated significant differences in the transcriptome of cultured primary microglia from 569 

neonatal pups compared with microglia acutely isolated via ex vivo flow cytometry from adult 570 

mice (Beutner et al. 2013; Butovsky et al. 2014). We set out to determine if the ISG response 571 

we saw in primary microglia exposed to H/H-N/N could also be seen in acutely isolated ex vivo 572 

sorted microglia from adult mice after ischemia/reperfusion. To do this, we performed transient 573 

(15 min) middle cerebral artery occlusion followed by 72 hours reperfusion (tMCAO/R) on adult 574 

WT mice, as described in Methods. We then used ex vivo flow cytometry to acutely isolate 575 
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cortical microglia, extracted RNA from these cells, and processed RNA for microarray analysis, 576 

as described in Methods. We found that in vivo ischemia/reperfusion did in fact induce an ISG 577 

response in sorted cortical microglia from the ischemia/reperfusion (tMCAO/R)-exposed, but not 578 

unexposed (sham), cortex (Table 3). Overall, the ISG response to in vivo ischemia/reperfusion 579 

in sorted microglia was similar to the in vitro microglial response to H/H-N/N, but was broader 580 

and more robust. We identified 32 ISG transcripts that were significantly up-regulated greater 581 

than two-fold, with 12 of these genes up-regulated ≥4-fold (Table 3). As with the in vitro 582 

transcriptome data, a number of up-regulated transcripts in vivo were prototypical ISGs 583 

including interferon regulatory factor 7 (irf7), 2'-5' oligoadenylate synthetase 1 (oas1), myxovirus 584 

resistance 1 (mx1), ubiquitin specific peptidase 18 (usp18), and ISG chemokines cxcl-10, 13 585 

and 16 as well as ccl5/rantes.  586 

The ischemia/reperfusion-induced interferon stimulated gene response in vivo is 587 

dependent on intact IFNAR1, but not TLR4 588 

In order to confirm the in vivo ischemia/reperfusion-induced ISG response in acutely 589 

isolated cortical microglia, we carried out qRT-PCR analyses on ex vivo sorted cortical microglia 590 

isolated from the ipsilateral or contralateral cortex from separate cohorts of either WT, IFNAR1-/- 591 

or TLR4-/- mice that had been exposed to tMCAO/R paradigm using our panel of primer/probe 592 

sets corresponding to six ISGs identified in our microarray. We found that exposure to 593 

ischemia/reperfusion significantly increased expression of all six of these ISGs in the WT and 594 

TLR4-/-, but not the IFNAR1-/-, mice (Fig. 7) (F value = 14.89, p = 0.0006, One-way ANOVA). 595 

The magnitude of the ISG up-regulation in the WT mice varied from approximately 2-fold (mx2) 596 

to >16-fold (ifit2 and oas3), which is significantly more robust than the fold-changes observed in 597 

cultured primary microglia (Fig. 2). These changes were also consistent with those seen in our 598 

in vivo microarray data (Table 3). As expected, none of the six genes were up-regulated in 599 

microglia from the IFNAR1-/- mice, however, somewhat unexpectedly, several of the genes, ifit1 600 

(t = 2.673, p = 0.0442, unpaired t-test) and usp18 (t = 3.771, p = 0.0130, unpaired t-test),  601 



 

 24 

showed significantly greater expression in the TLR4-/- microglia compared to the WT microglia 602 

(Fig. 7). 603 

DISCUSSION 604 

This study demonstrates that in response to either H/H-N/N in vitro or 605 

ischemia/reperfusion in vivo, microglia significantly up-regulate the expression of ISGs in a 606 

process that is dependent on IFNAR1 both in vitro and in vivo, and also dependent on TLR4 in 607 

vitro, but not in vivo. We also show that H/H-N/N in vitro induces time dependent changes in the 608 

levels of pSTAT1, and hypoxia/hypoglycemia induces marked down-regulation of surface 609 

expression of IFNAR1, but does not induce release of detectable levels of type 1 IFNs. 610 

Furthermore, microglia respond broadly and robustly to stimulation with IFN  both in vitro and 611 

in vivo at the level of mRNA transcription, and in vitro at the level of protein translation and ISG 612 

chemokine secretion  Finally, stimulation with TLR4 agonists induces the release of ISG 613 

chemokines in a manner that is partially dependent on IFNAR1.  614 

The convergent interferon stimulated gene response of microglia to ischemia/reperfusion 615 

in vivo bolsters in vitro findings 616 

Several recent publications have described the transcriptional profile of acutely isolated 617 

(ex vivo sorted) microglia from naïve mice (Butovsky et al. 2014; Hickman et al. 2013) and a few 618 

studies have begun to examine the changes in the transcriptome that occur in microglia in 619 

neurological disease states (Grabert et al. 2016; Holtman et al. 2015). Interestingly, these 620 

studies have identified up-regulation of ISGs as an important signature in aging mice (Grabert et 621 

al. 2016; Holtman et al. 2015) and in mouse models of Alzheimers Disease (Holtman et al. 622 

2015). Thus, induction of ISGs may be the consequence of activation of an important and 623 

widespread cell signaling pathway in numerous neuropathological conditions (Holtman et al. 624 

2015). However, disease specific transcriptome changes in acutely isolated, ex vivo sorted, 625 

microglia are still largely unexplored and present an area of research that has recently been 626 

identified as an important topic for further investigation (Crotti and Ransohoff 2016). In 627 
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particular, little data is currently available describing changes in the microglial transcriptome in 628 

the context of in vivo ischemia/reperfusion (stroke). Thus, our data here identifying a robust ISG 629 

response in microglia acutely isolated from ipsilateral, but not contralateral, cortex 72 hours 630 

following transient ischemia/reperfusion is noteworthy.  631 

Possible mechanisms of ischemia/reperfusion and agonist-induced interferon stimulated 632 

gene response in microglia 633 

Our studies examining the effects of H/H-N/N in vitro and ischemia/reperfusion in vivo on 634 

microglia gene expression identified mechanistic commonalities and differences resulting in 635 

robust ISG expression in both models. The key similarity between the in vitro and in vivo 636 

datasets is that the ISG response was dependent on IFNAR1. In contrast, a key difference is 637 

that the in vitro ISG response to H/H-N/N was dependent on TLR4 whereas the in vivo ISG 638 

response was not dependent on TLR4. In order to highlight both the similarities and differences 639 

we have generated schematics detailing two related but distinct mechanistic pathways that are 640 

consistent with either our in vitro (Fig. 8A) or in vivo (Fig. 8D) findings.  641 

For the in vitro model (Fig. 8A), we hypothesize that the TLR4-dependence of the ISG 642 

response is the result of microglial release of DAMPs that activate TLR4 on the microglial cell 643 

surface (Lehnardt et al. 2008; Qiu et al. 2008; Shichita et al. 2012b). Following TLR4 activation, 644 

signaling may proceed: (i) in an autocrine/paracrine manner through release of low 645 

(undetectable) concentrations of type 1 IFNs or (ii) via an alternative ligand-independent 646 

pathway leading to direct activation of IFNAR. The former (classical pathway) hypothesis is 647 

supported by our data showing that the in vitro ISG response is dependent on IFNAR1 and the 648 

existence of this pathway is supported indirectly by data demonstrating TLR4 agonist-induced 649 

release of IFN  in WT microglia, as well as the finding that TLR4 agonist-induced release of ISG 650 

chemokines in microglia was partially dependent on IFNAR1. The non-IFNAR1-dependent 651 

component of the chemokine release responses can be explained by binding sites for TLR4-652 

responsive transcription factors (NF B and AP-1) in the promoter regions of cxcl10 and ccl5 in 653 
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addition to ISRE elements (Lin et al. 1999; Ohmori and Hamilton 1993) (Fig. 8B). The classical 654 

signaling pathway is also consistent with studies in macrophages demonstrating that LPS 655 

induced expression of ISGs in WT, but not Ifnb1−/− or Ifnar1−/−, macrophages (Sheikh et al. 656 

2014). However, the latter possibility (ligand-independent IFNAR activation) is supported by the 657 

existence of an ‘inside-out’ signaling pathway that accelerates IFNAR1 turnover in cells 658 

undergoing endoplasmic reticulum stress (Liu et al. 2008). This pathway does not require 659 

extracellular ligands (i.e. IFN ), but instead relies on activation of intracellular kinases 660 

(Bhattacharya et al. 2011; Liu et al. 2008). That we observe rapid phosphorylation of STAT1 as 661 

early as five minutes post stimulation at the canonical Tyr-701 location in response to 662 

hypoxia/hypoglycemia also argues for the existence of an intracellular pathway that is ligand 663 

independent. Nevertheless, our data on this point is limited and not definitive. It is possible that 664 

both extracellular and intracellular pathways may be active in this context and other intracellular 665 

pathways, such as phosphorylation of a non-canonical STAT1 site (Luu et al. 2014), could play 666 

a role although we have not been able to demonstrate this to date. Further characterization of 667 

both ligand-dependent and ligand-independent IFNAR1 activation pathways in H/H-N/N-668 

exposed microglia is an important direction for future experiments.  669 

For our in vivo model (Fig. 8D), we demonstrate that the ISG response is dependent on 670 

IFNAR1 but independent of, and perhaps inhibited by, TLR4.  A number of endogenous TLR 671 

ligands (DAMPs) are released in response to ischemia/reperfusion [reviewed in (Gesuete et al. 672 

2014)]. It is possible that the primary source for type 1 IFNs, as well as other ISGs, in the 673 

context of ischemia/reperfusion is: (i) not microglia (Gesuete et al. 2012), (ii) microglia that are 674 

activated by DAMPs targeting TLRs other than TLR4 (Gesuete et al. 2014), or (iii) microglia 675 

responding to other non-TLR-based cytosolic pattern recognition receptor systems such as the 676 

RIG-I–RNA complexes associated with mitochondrial antiviral signaling (MAVS) protein 677 

(Buskiewicz et al. 2016) and nucleotide-binding oligomerization domain (NOD)-like receptors 678 

(Kawai and Akira 2009).  Regardless of the exact cellular source and proximal stimulus for type 679 
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1 IFN production in ischemia/reperfusion, it is apparent from their robust in vivo responses to 680 

both IFN  and ischemia/reperfusion, that microglia represent an important cellular target for 681 

type 1 IFNs. It is likely that the IFNAR1-dependent ISG response in vivo proceeds via the 682 

canonical STAT1 phosphorylation pathway (Goldmann et al. 2015) (Fig. 8D), however our 683 

attempts to confirm this have been limited by available tools and/or rapid temporal dynamics of 684 

this response.   685 

Robust microglial response to IFN  identifies potential downstream effectors 686 

Our data demonstrating robust effects of IFN  on microglial expression of ISGs both in vitro and 687 

in vivo provides a striking example of the extent to which type 1 IFNs can alter the microglial 688 

transcriptome. In general, chemokines, cytokines, co-stimulatory, and antigen presentation 689 

genes were all strongly up-regulated suggesting a primary innate immune response. The 690 

observation that the ISG response to IFN  in vitro was similarly robust in WT and TLR4-/- 691 

microglia is consistent with our hypothesis that IFN signaling is either downstream or 692 

independent of DAMP-induced TLR4 signaling in ischemia/reperfusion (Fig. 8) and thus TLR4 693 

can be bypassed by IFN . The IFN -induced increases in ISG chemokine protein release adds 694 

support to the idea that activation of type 1 IFN signaling in microglia leads to measurable 695 

changes in key signaling proteins that can orchestrate leukocyte recruitment (Charo and 696 

Ransohoff 2006; Ransohoff 2009) and directly impact neuronal viability (Chou et al. 2008). This 697 

may be particularly relevant in the context of ischemia/reperfusion where: (i) genetic deletion of 698 

IFN  resulted in marked increases in the post-stroke infiltration of inflammatory cells into the 699 

brain (Inacio et al. 2015), and (ii) administration of IFN  significantly reduced post-MCAO 700 

microglial activation, reduced infarct volume, and improved neurobehavioral outcomes (Kuo et 701 

al. 2016). 702 

Microglial interferon stimulated gene response may contribute to preconditioning 703 

mediated neuroprotection 704 
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Our findings are of interest in light of recent in vivo studies of LPS preconditioning 705 

(Marsh et al. 2009; Stevens et al. 2011) and ischemic preconditioning (IPC) (Stevens et al. 706 

2011) that have demonstrated robust ISG expression in analyses of the transcriptome from 707 

whole tissue sections from cortex following an ischemic pulse. However, the cortex is a complex 708 

structure containing numerous cell types and a large percentage of cortical RNA is derived from 709 

neurons. Robust and functionally important gene expression changes that occur in the smaller 710 

and less numerous glial cells, particularly microglia, may be lost in this type of analysis. Our 711 

findings that H/H-N/N in vitro and ischemia/reperfusion in vivo both induce broad ISG 712 

expression in microglia provides an important cell-type specific context for interpreting prior 713 

cortical tissue based findings. From a functional standpoint, type 1 IFN signaling is critical for 714 

IPC-mediated neuroprotection in both gray (Stevens et al. 2011) and white (Hamner et al. 2015) 715 

matter predominant mouse models of ischemic injury and both we (McDonough and Weinstein 716 

2016) and others (Marsh et al. 2009; Stevens et al. 2011) have proposed that the ISG response 717 

in microglia is critical for activating endogenous neuroprotection pathways in 718 

ischemia/reperfusion.  719 

720 
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FIGURE LEGENDS  986 

 987 
Figure 1.  Experimental paradigms for in vitro hypoxia/hypoglycemia followed by 988 

normoxia/normoglycemia (H/H-N/N) and in vivo ischemia/reperfusion studies. A. WT, 989 

TLR4-/- or IFNAR1-/- primary microglia are exposed to hypoxia/hypoglycemia (H/H) ‘ischemia-990 

like’ or normoxia/normoglycemia (N/N) ‘control’ conditions for 24 hours (timepoint a) and then 991 

subsequently exposed to normoxia/normoglycemia (‘reperfusion-like’) conditions for an 992 

additional 24 hours (timepoint b). Cell viability assays including quantification of lactate 993 

dehydrogenase (LDH) levels were carried out at both timepoints a and b while Trypan Blue 994 

exclusion microscopy-based cell counting was carried out at timepoint a only.  RNA extraction 995 

followed by microarray analysis or qRT-PCR reactions were performed at timepoint b only. Flow 996 

cytometry studies to quantify cell surface expression of IFNAR1 and high sensitivity ELISAs for 997 

IFN  and IFN  were performed at timepoint a only. Assays quantifying the level of 998 

phosphorylation of STAT1 were carried out at multiple time points indicated by the asterisks. B 999 

– D. Assessment of microglial viability in culture following exposure to the indicated conditions. 1000 

Normalized release of LDH into conditioned medium from microglia following exposure to: (B) 1001 

hypoxia-hypoglycemia (H/H) or normoxia/normoglycemia (N/N) for 24 hours (timepoint a) (p = 1002 

0.0002, unpaired t-test, N = 9 separate microglial samples for each experimental group and 1003 

genotype processed in three separate experiments, respectively) or (C) either 1004 

normoxia/normoglycemia or hypoxia-hypoglycemia for 24 hours followed by 1005 

normoxia/normoglycemia for 24 hours (N/N-N/N or H/H-N/N) (timepoint b) (p = 0.0969, unpaired 1006 

t-test, N = 9 separate microglial samples for each experimental group and genotype processed 1007 

in three separate experiments, respectively). (D): Number of viable cells as determined by 1008 

Trypan Blue exclusion assay following exposure to hypoxia-hypoglycemia (H/H) or 1009 

normoxia/normoglycemia (N/N) for 24 hours (timepoint a) (p = 0.2988, unpaired t-test, N = 3 1010 

separate microglial samples processed in three separate experiments). (E): Transient ischemia 1011 

via 15 min middle cerebral artery occlusion followed by reperfusion (tMCAO/R) was performed 1012 
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in WT, TLR4-/- or IFNAR1-/- mice (12 – 14 weeks old) as described in Methods.  Mice were then 1013 

perfused with saline, single cell suspensions were prepared from ipsilateral and contralateral 1014 

cortex and microglia were isolated using ex vivo flow cytometry as described in Methods. RNA 1015 

was then isolated from the sorted microglia and processed for microarray or qRT-PCR as 1016 

described in Methods. 1017 

 1018 

Figure 2. Comparison of gene expression in WT, TLR4-/- and IFNAR1-/- microglia exposed 1019 

to hypoxia/hypoglycemia followed by normoxia/normoglycemia. A. The open circle (i) 1020 

compares genes up- or down-regulated in WT microglia after H/H-N/N relative to control 1021 

conditions, the blue circle (ii) compares genes up- or down-regulated in TLR4-/- microglia after 1022 

H/H-N/N relative to control conditions, and the gray circle (iii) compares differences in baseline 1023 

expression of genes between the WT and TLR4-/- controls. We observed marked differences in 1024 

gene expression between all three comparisons and little overlap in transcriptional profiles 1025 

between the different transgenic microglia and culture conditions. ¶ This gene (Slco4a1) was 1026 

down-regulated by H/H-N/N in both the WT and TLR4-/- microglia. # This gene (Pilra) was up-1027 

regulated by H/H-N/N in both the WT and TLR4-/- microglia but was down-regulated in the TLR4-1028 

/- microglia relative to the WT microglia under control conditions. * All 14 of these genes were 1029 

up-regulated in the WT microglia exposed to H/H-N/N whereas all 14 of these same genes were 1030 

down-regulated in the TLR4-/- microglia relative to the WT microglia under control conditions. N 1031 

= 12 separate microglial samples for each experimental group and genotype processed in four 1032 

separate experiments, respectively. B. Microarray data showing relative normalized gene 1033 

expression levels for a panel of ISGs in primary microglia derived from either WT or TLR4-/- 1034 

mice that had been exposed to hypoxia/hypoglycemia (‘ischemia-like’) or 1035 

normoxia/normoglycemia (‘control’) conditions for 24 hours and then subsequently exposed to 1036 

normoxia/normoglycemia (‘reperfusion-like’) conditions for an additional 24 hours (timepoint b in 1037 

Fig. 1A). RNA was extracted and microarray was performed and analyzed as described in 1038 
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Methods. *p < 0.05 comparing H/H-N/N vs. N/N-N/N conditions for each of the 23 ISGs up-1039 

regulated more than 2-fold that were identified in the WT microglia (Table 1). N = 4 for each 1040 

experimental group and genotype, respectively. N = 12 separate microglial samples (~2 x 105 1041 

cells per well) for each experimental group and genotype processed in four separate 1042 

experiments, respectively. Data was analyzed by ANOVA, with individual p values reported in 1043 

Table 1. C-D. qRT-PCR data showing relative normalized gene expression levels for a panel of 1044 

ISGs in either WT (C) or IFNAR1-/- (D) primary microglia that had been exposed to 1045 

hypoxia/hypoglycemia (‘ischemia-like’) conditions for 24 hours and then subsequently exposed 1046 

to normoxia/normoglycemia (‘reperfusion-like’) conditions for an additional 24 hours (H/H-N/N) 1047 

(timepoint b in Fig. 1A). C. p-values (unpaired t-test) are as follows for WT microglia exposed to 1048 

H/H-N/N: ifit1 p = 0.0291, ifit2 p = 0.0189, irf7 p = 0.0194, oas3 p = 0.0163, usp18 p = 0.0165, 1049 

mx2 p = 0.0143. D. p values (unpaired t-test) are as follows for IFNAR1-/- microglia exposed to 1050 

H/H-N/N: ifit1 p = 0.1211, ifit2 p = 0.4527, irf7 p = 0.3856, oas3 p = 0.2283, usp18 p = 0.4610, 1051 

mx2 p = 0.0971, tnsf10 p = 0.6449, cxcl10 p = 0.2905. Expression data was normalized to a 1052 

panel of housekeeping genes and presented as relative to expression in microglia exposed to 1053 

normoxia-normoglycemia for 24 hours followed by normoxia-normoglycemia  control conditions 1054 

for additional 24 hours (N/N-N/N). Graph notations: *p < 0.05 comparing ‘ischemia-1055 

like’/‘reperfusion-like’ vs. ‘control’/‘reperfusion-like’ conditions for each ISG. N = 9 separate 1056 

microglial samples for each experimental group and genotype processed in three separate 1057 

experiments, respectively. 1058 

 1059 

Figure 3. Temporal dynamics of STAT1 phosphorylation during both exposure to 1060 

hypoxia/hypoglycemia and following restoration of normoxic/normoglycemic conditions. 1061 

A. Flow cytometry dot plots show percentage of anti-pSTAT1 antibody positive or negative 1062 

staining cellular events following exposure for 15 min to 1,000 U/ml recombinant mouse IFN  1063 

(positive control), normoxic/normoglycemic (‘unstimulated’) or hypoxia/hypoglycemia (‘H/H’) 1064 
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conditions. Background signal obtained with isotype control antibody is shown as negative 1065 

control. B. Vertical scatter plot quantifying levels of pSTAT1 positive events in microglia 1066 

following exposure to 15 min IFN . All values in B are normalized to the mean of median values 1067 

for pSTAT1 positive events for unstimulated cells (t = 10.24, ***p < 0.0001, unpaired t-test).  C. 1068 

Vertical scatter plot quantifying levels of pSTAT1 positive events in microglia throughout the 1069 

H/H-N/N experimental paradigm time course. Mean ± SEM values are shown. All values in C 1070 

are normalized to those from IFN -treated cells to adjust for differences in microglial reactivity 1071 

present in different cell preparations.  1072 

 1073 

Figure 4. Exposure to TLR agonists, but not hypoxia/hypoglycemia, induce release of 1074 

type 1 IFNs from microglia. Both hypoxia/hypoglycemia and IFN  eliminate cell surface 1075 

expression of IFNAR1.  A. Type I IFNs are released in response to TLR3 and TLR4 agonists, 1076 

but not in response to hypoxia/hypoglycemia. Bar graph quantifying levels of type 1 IFNs 1077 

released from WT primary microglia that were cultured under conditions of 1078 

hypoxia/hypoglycemia (H/H) for 24 hours or, separately, stimulated with either TLR3 agonist 1079 

Poly (I:C) (10 g/ml) or TLR4 agonist LPS (100 EU/ml) for 24 hours under 1080 

normoxic/normoglycemic conditions.  Conditioned medium was collected for high-sensitivity 1081 

ELISAs for both IFN  and IFN  as described in Methods. Mean ± SEM values are shown. ###p = 1082 

0.0020 compared with unstimulated control for IFN ***p < 0.001 compared with unstimulated 1083 

control for IFN poly (I:C) t = 2718, p < 0.0001; LPS t = 10.04 , p < 0.0001 (unpaired t-tests)  N 1084 

= 9 conditioned medium samples from 3 separate experiments for both IFN  and IFN ELISAs 1085 

for each stimulus and time point, respectively. Flow cytometry histograms showing fluorescent 1086 

intensity signal for differently treated microglial cell populations (B and D). Unstimulated cells 1087 

were stained with phycoerythrin (PE)-conjugated isotype control antibody (gray shading) or anti-1088 

IFNAR1 antibody (dark lines). Microglia exposed for 24 hours to hypoxia/hypoglycemia 1089 

(‘ischemia-like’ conditions) (B) or 1,000 U/ml of IFN  (D) and were also stained with anti-1090 
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IFNAR1 antibody (dashed lines).  C and E: Bar graphs quantifying percent change in specific 1091

binding of fluorochrome conjugated antibodies against a panel of surface receptors including 1092

IFNAR1, CD64, CD45, TLR4 and F4/80 in primary microglia exposed for 24 hours to 1093

hypoxia/hypoglycemia (C) or 1,000 U/ml of IFN  (E). N = 3 experiments with 9 samples per 1094

treatment group total.  In C and E, mean ± SEM of median values for anti-IFNAR1 antibody 1095

specific signal, normalized to unstimulated, are shown.  1096

1097

Figure 5. IFN  induces a broad and robust interferon stimulated gene expression 1098

response in both WT and TLR4-/- microglia. Relative gene expression level scatter (A, C) and 1099

volcano (B, D) plots showing results of type 1 interferon targeted PCR array assays on both WT 1100

(A, B) and TLR4-/- (C, D) microglia that had been exposed to 1,000 U/ml of IFN for 6 hours. 1101

Individual up-regulated (>1.5-fold) ISGs are shown as red filled circles. Down-regulated (<0.75 1102

fold) ISGs are shown as green filled circles. Not significantly regulated ISGs are shown as open 1103

circles. Housekeeping genes are shown as gray-filled circles. Multiple ISGs, but not 1104

housekeeping genes, are significantly and robustly up-regulated by IFN in both WT and TLR4-/- 1105

microglia. N = 3 for each experimental group and genotype, respectively. (E) qRT-PCR 1106

quantification of microglial expression of six selected ISGs 24 hours after intracerebroventricular 1107

(ICV) injection of 2,000 U of recombinant mouse IFN into WT adult mice. Expression levels 1108

were normalized to a panel of housekeeping genes and presented as relative to expression in 1109

microglia isolated from cortical tissue of saline (vehicle) ICV injected mice. Mean ± SEM values 1110

are shown. N = 3 experiments for each treatment group. *p-value < 0.05, **p-value < 0.01, ***p-1111

value < 0.001. Individual p values (unpaired t-test) are as follows: ifit2 p = 0.0029, ifit1 p = 1112

0.0468, irf7 p = 0.0032, oas3 p = 0.0122, usp18 p = 0.0003, mx2 p = 0.3864.  1113

1114

Figure 6. Both IFN  and TLR4 agonist stimulation induce robust production and release 1115

of CXCL10 and CCL5 in primary microglia. Bar graphs showing dose-dependent release of 1116
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CXCL10 (**p < 0.01; Dunnett’s Multiple Comparison Test; One-way ANOVA post-test) (A) and 1117 

CCL5 (*p < 0.05  and ***p < 0.001; Dunnett’s Multiple Comparison Test; One-way ANOVA post-1118 

test) (B) in pg/ml as determined by ELISA in conditioned medium from WT microglia following 1119 

24 hour exposure to the indicated concentrations of recombinant mouse IFN  Line graphs 1120 

showing time course for release of CXCL10 (6h p < 0.0001; 24h p = 0.0015, 72h p < 0.0001; 1121 

unpaired t-tests control v. treatment) (C) and CCL5 (6h p = 0.0030; 24h p < 0.001, 72h p = 1122 

0.0021; unpaired t-tests control v. treatment)  (D) in conditioned medium from WT microglia 1123 

following exposure to 1,000 U/ml of IFN  for the indicated time intervals. N = 9 conditioned 1124 

medium samples from 3 separate experiments for each IFN  concentration and time point, 1125 

respectively. Graph Notations: *p < 0.05,  **p < 0.01, ***p < 0.001 for stimulated samples 1126 

relative to appropriate controls. E-F. TLR4 agonist-induced release of CXCL10 and CCL5 1127 

secretion in microglia is dependent on both TLR4 and IFNAR1. Bar graphs showing release of 1128 

CXCL10 (E) and CCL5 (F) into culture medium from WT, TLR4-/- or IFNAR1-/- microglia, 1129 

respectively, following 24 h exposure to TLR4 agonists. Heat shock protein-70 (HSP70) at 10 1130 

g/ml or lipopolysaccharide (LPS) at 100 EU/ml were administered and levels of secreted 1131 

chemokines were measured by ELISA as described in Methods  N = 6 - 12 conditioned 1132 

medium samples from 3 separate experiments for each agonist and microglial genotype, 1133 

respectively. ***p < 0.001, ****p < 0.0001 for stimulated sample in WT microglia relative to 1134 

identically treated TLR4-/- or IFNAR1-/- microglia. n.d. = none detected. Individual p values for 1135 

CXCL10: IFNAR1-/- compared to WT – HSP70 p < 0.0001, LPS p = < 0.0001; TLR4-/- compared 1136 

to WT – HSP 70 p = 0.0015 , LPS < 0.0001. Individual p values for CCL5: IFNAR1-/- compared 1137 

to WT – HSP70 p < 0.0001, LPS p = < 0.0001; TLR4-/- compared to WT – HSP 70 p < 0.0001, 1138 

LPS < 0.0001.  1139 

 1140 

Figure 7. Microglia up-regulate interferon stimulated genes in response to 1141 

ischemia/reperfusion in vivo and this response is dependent on IFNAR1, but not TLR4.  1142 
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WT, TLR4-/- and IFNAR1-/- mice aged 12-14 weeks were subjected to 15 min occlusion of the 1143 

middle cerebral artery followed by a 72 h period of reperfusion (tMCAO/R) before brains were 1144 

collected and processed as described in the Methods. Microglia were ex vivo sorted by flow 1145 

cytometry, microglial RNA was isolated and qRT-PCR was carried out with a selected panel of 1146 

ISG primer/probe sets as described in Methods. Expression data was normalized to a panel of 1147 

housekeeping genes and presented as relative to expression in microglia isolated from 1148 

contralateral cortex. N = 12 – 16 mice from four separate ex vivo flow cytometry 1149 

preparations/sorts for each genotype. #p-value < 0.05 between WT and TLR4-/-; **p-value < 1150 

0.01, ***p-value < 0.001, ****p-value < 0.0001 between WT and IFNAR1-/-. n.d. = none detected. 1151 

Individual p values for listed genes in a comparison of WT and IFNAR1-/- animals: ifit2 p = 1152 

0.0181, ifit1 p < 0.0001, irf7 p = 0.0077, oas3 p < 0.001, usp18 p < 0.0001, mx2 p = 0.0358. 1153 

Individual p values for genes significantly different between WT and TLR4-/- animals: ifit1 p = 1154 

0.0442, usp18 p = 0.0130.  1155 

 1156 

Figure 8. Schematic of microglial responses to ischemia/reperfusion based on our in vitro and in 1157 

vivo data sets. A. When primary microglia in culture are exposed to hypoxia/hypoglycemia followed by 1158 

normoxia/normoglycemia (H/H-N/N), TLR4 is activated, presumably by danger associated molecular 1159 

pattern macromolecules (DAMPs) that are released from the H/H-N/N-exposed microglia. This leads to 1160 

TLR4- and IFNAR1-dependent ISG expression. Our phospho-STAT1 assay data in microglia indicates 1161 

that H/H-N/N exposure alters the phosphorylation state of STAT1, a key mediator in the canonical type I 1162 

IFN signaling pathway (Ivashkiv and Donlin 2014; Stark et al. 1998). Following the canonical pathway 1163 

(Ivashkiv and Donlin 2014; McNab et al. 2015; Stark et al. 1998), this most likely results in formation of 1164 

the ISGF3 transcription factor (shown in gray shaded colors to indicate that this component of the 1165 

pathway requires further investigation) and transcriptional up-regulation of ISGs. Although we did not 1166 

detect release of type I IFNs (IFN / ) by cultured microglia in response to H/H it is possible that low 1167 

concentrations of type I IFNs (and/or type 1 IFN variants not detected by ELISA) are released that signal 1168 

via IFNAR (Ivashkiv and Donlin 2014). After extended periods of H/H we observed a down-regulation of 1169 

IFNAR1 surface expression, which may be due to endosomal sequestration and/or degradation of the 1170 
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surface receptor (shown in gray) (Chmiest et al. 2016; Kumar et al. 2007; Kumar et al. 2003). B. In 1171 

response to stimulation with TLR4 agonists such as LPS or HSP70, cultured microglia release type I IFNs 1172 

and stimulate the transcription of ISGs, as well as the secretion of ISG chemokines, such as CXCL10 and 1173 

CCL5 into the culture medium. TLR4 is capable of directly initiating transcription factors that bind to NF B 1174 

cis-elements in the promoters of CXCL10 and CCL5 (Lin et al. 1999; Ohmori and Hamilton 1993), while 1175 

TLR4-induced type I interferons mediate signaling via IFNAR and ISRE cis-elements which are also 1176 

found in the promoters of CXCL10 and CCL5 (Lin et al. 1999; Ohmori and Hamilton 1993). The ISG 1177 

chemokines are then translated and secreted as indicated.  C. In response to IFN , microglia also 1178 

demonstrate robust up-regulation of multiple ISGs and dose-dependent secretion of CXCL10 and CCL5. 1179 

IFN also induces phosphorylation of STAT1 indicating that signaling proceeds via the canonical type I 1180 

IFN pathway (shown in gray). D. The in vivo response to ischemia/reperfusion is similar to the in vitro 1181 

response to H/H-N/N in that both result in a broad and robust IFNAR1-dependent ISG response. 1182 

However, in contrast to the in vitro response to H/H-N/N, we find that TLR4 is not required for 1183 

ischemia/reperfusion-induced ISG expression in vivo. Our data suggest instead that TLR4 might have a 1184 

slight restraining effect on ISG expression, or it could be complementary to IFNAR1 in the presence of 1185 

type I IFNs, which are likely released by other cells of the CNS (Gesuete et al. 2012; Marsh et al. 2009), 1186 

including astrocytes and neurons (shown in gray). After IFNAR1 is activated by type I IFNs, signaling 1187 

proceeds most likely through the canonical pathway involving pSTAT1 and ISGF3 (shown in gray), which 1188 

induces the transcription of multiple ISGs.  1189 

 1190 

Table 1. Primary microglia were cultured as described in the Methods and then exposed to 1191 

either hypoxia/hypoglycemia for 24 hours followed by 24 hours of normoxia/normoglycemia 1192 

(H/H-N/N), or as a control, were cultured for 24 hours under normoxic/normoglycemic conditions 1193 

followed by a media change and continuance of exposure to normoxia/normoglycemia for an 1194 

additional 24 hours (N/N-N/N). Microglia were then collected, RNA was extracted, and a 1195 

microarray analysis was performed as described in the Methods. Fold up-regulation is 1196 

expressed as H/H-N/N relative to control (N/N-N/N).  1197 
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 1198 

Table 2. Results of bioinformatic transcription factor binding site (TFBS)/promoter analysis on 1199 

the regulatory regions of significantly up-regulated (> 2.0 fold, p < 0.05) genes in WT primary 1200 

microglia exposed sequentially to hypoxia/hypoglycemia for 24 hours and then 1201 

normoxia/normoglycemia for 24 hours (H/H-N/N experimental paradigm).  All Z-scores indicated 1202 

had statistical significance of p < 0.01. Interferon regulatory factors (IRFs) are indicated in bold. 1203 

 1204 

Table 3. List of interferon stimulated genes (ISGs) significantly (p < 0.05) up-regulated more 1205 

than two-fold in ex vivo sorted microglia from the ipsilateral cortex of WT mice 72 hours after 1206 

transient (15 min) middle cerebral artery occlusion/reperfusion (tMCAO/R) or sham surgery. 1207 

tMCAO/R was performed and ex vivo flow cytometry sorting of isolated microglia was carried 1208 

out as described in Methods. RNA from isolated microglia was processed as well as analyzed 1209 

as described in the Methods. Expression data is normalized to RNA obtained from sorted 1210 

cortical microglia from cortex of sham operated mice. Both raw and adjusted p-values are 1211 

shown.  NS = not significant. 1212 
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Table 1: List of interferon stimulated genes (ISGs) significantly up-regulated more than 
two-fold in WT primary microglia exposed sequentially to hypoxia/hypoglycemia for 24 
hours and then normoxia/normoglycemia for 24 hours (H/H-N/N experimental paradigm).   
 
 

Symbol Description of individual ISGs 
Fold 

increase 
p-value  

Ifit2 interferon-induced protein with tetratricopeptide repeats 2 4.7 0.030 
Ifit1 interferon-induced protein with tetratricopeptide repeats 1 3.5 0.026 
Cfb Complement factor B 3.1 0.000021 
Irf7 interferon regulatory factor 7 3.1 0.028 
Ccl5 chemokine (C-C motif) ligand 5 3.0 0.0076 
Oas3 2'-5' oligoadenylate synthetase 3 2.9 0.027 
Zbp1 Z-DNA binding protein 1 2.8 0.0031 

Usp18 ubiquitin specific peptidase 18 2.8 0.016 
Rsad2 Radical S-adenosyl methionine domain containing 2 2.8 0.036 
Timd4 T-cell immunoglobulin and mucin domain containing 4 2.6 0.00042 
Ly6i Lymphocyte antigen 6 complex, locus I 2.6 0.000065 

Dhx58 DEXH (Asp-Glu-X-His) box polypeptide 58 2.5 0.0059 
Gbp2 guanylate binding protein 2 2.5 0.0011 
Ifi47 Interferon gamma inducible protein 47 2.5 0.0079 
Mx2 Myxovirus (influenza virus) resistance 2 2.5 0.039 
Ifi203 interferon activated gene 203 2.4 0.021 
Ly6a Lymphocyte antigen 6 complex, locus A 2.4 0.029 
Gbp3 guanylate binding protein 3 2.3 0.0088 
Ly6e Lymphocyte antigen 6 complex, locus E 2.3 0.0024 

Cmpk2 
Cytidine monophosphate (UMP-CMP) kinase 2, 
mitochondrial 2.2 

0.049 

Slfn8 Schlafen8 2.1 0.042 
Xaf1 XIAP associated factor 1 2.0 0.013 
Igtp Interferon gamma induced GTPase 2.0 0.029 
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Table 2: Transcription factor binding site/promoter analysis of the regulatory regions of 
significantly up-regulated genes in WT primary microglia exposed to H/H-N/N.  

Transcription 
Factor 

Rank Z-
Score 

ISGF3 1 7.44 
IRF-2 2 5.99 
IRF-1 3 5.80 
IRF-7 4 4.70 
AP-1 5 3.66 

GATA-1 6 3.30 
RFX1 7 3.29 
NFkB 8 3.28 
Elk-1 9 3.00 

Bach1 10 2.79 
NF1 11 2.71 

Freac-3 12 2.62    
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Table 3: Interferon stimulated genes are significantly up-regulated in ex vivo sorted microglia 
after ischemia/reperfusion.   
 

Symbol Description of individual ISGs 
Fold 

increase 
p-value  Adjusted p-

value  

Cxcl10 chemokine (C-X-C motif) ligand 10 19.7 0.00000023 0.00019 
Ifi27l2a interferon, alpha-inducible protein 27 like 2A 10.1 0.000017 0.00025 

Ifit2 interferon-induced protein with tetratricopeptide repeats 2 7.3 0.0000099 0.00025 
Ccl5 chemokine (C-C motif) ligand 5 6.1 0.00026 0.015 
Ifi44 interferon-induced protein 44 5.7 0.000020 0.0028 

Oasl2 2'-5' oligoadenylate synthetase-like 2 5.7 0.00010 0.0082 
Ifit1 interferon-induced protein with tetratricopeptide repeats 1 5.4 0.00043 0.021 

Ifi204 interferon activated gene 204 5.0 0.000041 0.0044 
Ifi205 interferon activated gene 205 4.6 0.0014 0.042 
Ifit3 interferon-induced protein with tetratricopeptide repeats 3 4.5 0.000099 0.0081 

Ly6a lymphocyte antigen 6 complex, locus A 4.5 0.00017 0.011 
Usp18 ubiquitin specific peptidase 18 4.0 0.00087 0.032 

Irf7 interferon regulatory factor 7 3.8 0.00011 0.0087 
Csf1 colony stimulating factor 1 3.7 0.0000029 0.00008 
Ifitm3 interferon induced transmembrane protein 3 3.6 0.000016 0.0024 
Oas1g 2'-5' oligoadenylate synthetase 1G 3.5 0.00030 0.016 
Isg15 ISG15 ubiquitin-like modifier 3.5 0.00026 0.015 
Ifitm2 interferon induced transmembrane protein 2 3.2 0.0000021 0.00064 
Gbp2 guanylate binding protein 2 3.2 0.0013 0.041 
Csprs Component of Sp100-rs 3.0 0.00046 0.022 
Mx1 myxovirus (influenza virus) resistance 1 2.9 0.0016 0.047 
Oas2 2'-5' oligoadenylate synthetase 2 2.9 0.00034 0.018 
Ccl2 chemokine (C-C motif) ligand 2 2.9 0.00013 0.0094 

Oas1a 2'-5' oligoadenylate synthetase 1A 2.8 0.0033 0.069 (NS) 
Ccl12 chemokine (C-C motif) ligand 12 2.8 0.000026 0.0033 
Iigp1 interferon inducible GTPase 1 2.7 0.0025 0.059 (NS) 
Ccl8 chemokine (C-C motif) ligand 8 2.6 0.00037 0.019 
Isg20 interferon-stimulated protein 2.4 0.0048 0.086 (NS) 
Ccl4 chemokine (C-C motif) ligand 4 2.4 0.0012 0.039 

Cxcl13 chemokine (C-X-C motif) ligand 13 2.2 0.0069 0.106 (NS) 
Cxcl16 chemokine (C-X-C motif) ligand 16 2.1 0.0012 0.039 
Ccrl2 chemokine (C-C motif) receptor-like 2 2.0 0.0024 0.057 (NS) 


