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Abstract 39 

Hypoxia-like tissue alterations, characterized by the upregulation of hypoxia-inducible factor-1α 40 

(HIF-1α), have been described in the normal appearing white matter (NAWM) and pre-41 

demyelinating lesions of multiple sclerosis (MS) patients. As HIF-1α regulates the transcription 42 

of a wide set of genes involved in neuroprotection and neuroinflammation, HIF-1α expression 43 

may contribute to the pathogenesis of inflammatory demyelination. To test this hypothesis, we 44 

analyzed the effect of cell-specific genetic ablation or overexpression of HIF-1α on the onset and 45 

progression of experimental autoimmune encephalomyelitis (EAE), a mouse model for MS. HIF-46 

1α was mainly expressed in astrocytes and microglia/macrophages in the mouse spinal cord at 47 

the peak of EAE. However, genetic ablation of HIF-1α in astrocytes and/or myeloid cells did not 48 

ameliorate clinical symptoms. Furthermore, conditional knockout of Von Hippel Lindau (VHL), 49 

a negative regulator of HIF-1α stabilization, failed to exacerbate the clinical course of EAE. In 50 

accordance with clinical symptoms, genetic ablation or overexpression of HIF-1α did not change 51 

the extent of spinal cord inflammation and demyelination. Overall, our data indicate that despite 52 

dramatic upregulation of HIF-1α in astrocytes and myeloid cells in EAE, HIF-1α expression in 53 

these two cell types is not required for the development of inflammatory demyelination. 54 

 55 

Significance Statement 56 

Despite numerous reports indicating HIF-1α expression in glia, neurons, and inflammatory cells 57 

in the CNS of MS patients, the cell-specific contribution of HIF-1α to disease pathogenesis 58 

remains unclear. Here we show that although HIF-1α is dramatically upregulated in astrocytes 59 

and myeloid cells in EAE, cell-specific depletion of HIF-1α in these two cell types surprisingly 60 

does not affect the development of neuroinflammatory disease. Together with two recently 61 

published studies showing a role for oligodendrocyte-specific HIF-1α in myelination and T-cell 62 
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specific HIF-1α in EAE, our results demonstrate a tightly regulated cellular specificity for HIF-63 

1α contribution in nervous system pathogenesis.  64 

 65 

Introduction  66 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the nervous system 67 

characterized by inflammation, gliosis, destruction of myelin sheaths and axonal damage leading 68 

to permanent functional deficits (Bruck and Stadelmann, 2005). Hypoxia-like tissue alterations, 69 

predominantly characterized by the accumulation of the hypoxia-inducible factor-1α (HIF-1α), 70 

occur at a very early stage in MS pathogenesis (Aboul-Enein et al., 2003; Graumann et al., 2003; 71 

Lassmann, 2003; Stadelmann et al., 2005; Marik et al., 2007; Zeis et al., 2008). Indeed, HIF-1α 72 

is upregulated in pre-demyelinating lesions and normal appearing white matter (NAWM) of MS 73 

patients (Graumann et al., 2003; Zeis et al., 2008). While HIF-1α expression is usually minimal 74 

or absent from active white matter lesions (Aboul-Enein et al., 2003; Marik et al., 2007), it is 75 

highly expressed in oligodendrocytes specifically in lesions with distal dying back 76 

oligodendrogliopathy (Lassmann, 2003). Early hypoxic changes occurring within pre-77 

demyelinating plaques are associated with microglia activation, perivascular accumulation of 78 

lymphocytes, blood-brain barrier (BBB) disruption and mild axonal injury (Marik et al., 2007). 79 

Determining the early hypoxic events leading to the formation of demyelinating lesions and their 80 

causative role in the pathology is crucial to better understand MS pathogenesis and discover 81 

novel targets and strategies for therapeutic intervention.  82 

In the present study, we examined whether HIF-1α expression regulates the onset and 83 

progression of inflammatory demyelination. HIF-1α is a heterodimeric transcription factor that 84 

orchestrates the genetic response to hypoxic and inflammatory conditions by activating the 85 
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transcription of a wide set of genes that regulate several biological processes, including cellular 86 

proliferation, survival, angiogenesis, glucose and iron metabolism (Sharp and Bernaudin, 2004; 87 

Majmundar et al., 2010). A central regulator of HIF-1α turnover is Von Hippel-Lindau (VHL), 88 

an ubiquitin ligase targeting HIF-1α for degradation (Kaelin, 2008). HIF-1α function in the 89 

nervous system can be either protective by increasing the survival of neurons and 90 

oligodendrocytes (Baranova et al., 2007; Vangeison et al., 2008) or damaging by inducing BBB 91 

disruption (Argaw et al., 2006; Weidemann et al., 2009). The role of HIF-1α in inflammation has 92 

been examined in animal models of sepsis (Peyssonnaux et al., 2007; Thiel et al., 2007), 93 

rheumatoid arthritis and chronic cutaneous inflammation (Cramer et al., 2003) using conditional 94 

gene targeting approaches allowing tissue-specific deletion of HIF-1α and VHL. Altogether 95 

these studies described that overexpression of HIF-1α results in hyperinflammatory responses 96 

and increased vascular permeability (Weidemann et al., 2009), while ablation of HIF-1α 97 

decreases inflammation (Cramer et al., 2003; Peyssonnaux et al., 2007; Thiel et al., 2007). 98 

Although the role of HIF-1α in peripheral inflammatory responses is well defined, whether glial-99 

cell specific expression of HIF-1α plays a protective or damaging effect in inflammatory 100 

demyelination is unknown. 101 

Here we show that similar to MS lesions, HIF-1α is induced mainly in astrocytes and 102 

microglia/macrophages in white matter areas in EAE, a mouse model for MS. Surprisingly, cell-103 

specific genetic ablation of HIF-1α or its negative regulator VHL in astrocytes and/or myeloid 104 

cells does not change disease onset or progression. Overall, we find that despite considerable 105 

upregulation of HIF-1α in glia and monocytes during neuroinflammation, astrocyte-specific 106 

and/or myeloid-cell specific expression of HIF-1α does not affect the development of 107 

inflammatory demyelinating disease. 108 
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Material and methods 109 

Mice. 6-wk-old female C57Bl/6 mice were purchased from Charles River. HIF-1α fl/fl C57/Bl6 110 

(Ryan et al., 2000), VHLfl/fl C;129S (Haase et al., 2001) and HIF-1αluc FVB/NJ (Safran et al., 111 

2006) mice were obtained from The Jackson Laboratory. VHLfl/fl C;129S and HIF-1αluc FVB/NJ 112 

mice were backcrossed at least six generations with pure C57Bl/6 mice to perform EAE 113 

experiments. We then crossed HIF-1α fl/fl mice with mice expressing the cre recombinase driven 114 

by the lysozyme M promoter (lysM-Cre) (Clausen et al., 1999) or the glial fibrillary acidic 115 

protein (GFAP) promoter (GFAP-Cre) (Bajenaru et al., 2002) to generate cell-specific depletion 116 

of HIF-1α in microglia/macrophages or astrocytes respectively. lysM-Cre mice were also crossed 117 

with VHLfl/fl to generate cell-specific overexpression of HIF-1α in the myeloid lineage. Mice 118 

were genotyped using the following primers: HIF-1αluc: forward, 5'- CGGTATCGTAGA 119 

GTCGAGGCC -3'; reverse, 5'- GGTAGTGGTGGCATTAGCAGTAG -3' to detect the ODD-120 

Luc cDNA and forward, 5'- AAGGGAGCTGCAGTGGAGTA -3'; reverse, 5'- CCGAAAATC 121 

TGTGGGAAGTC -3' to detect the WT cDNA locus; HIF-1α fl/fl: forward, 5'- GTTGGGGCA 122 

GTACTGGAAAG-3'; reverse, 5'- TGCTCATCAGTTGCCACTT -3'; VHLfl/fl: forward, 5'- 123 

CAGCTTGCGAATCCGAGGGAC-3'; reverse, 5'- CCTTCTGTCTTGGCCTCCTGAG -3'; 124 

GFAP-Cre: forward, 5'- ACTCCTTCATAAAGCCCTCGCATCCC -3'; reverse, 5'- ATCACT 125 

CGTTGCATCGACCG -3'; lysozyme M-Cre: forward, 5'- CTTGGGCTGCCAGAATTTCTC-3'; 126 

reverse, 5'- CCCAGAAATGCCAGATTACG-3' and reverse, 5'- TTACAGTCGGCCAGGCTG 127 

AC -3' as internal control. All animal procedures are performed according to the regulation of 128 

Authors University's animal care committee. 129 

 130 
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EAE induction and clinical assessment. EAE was induced in 6-wk-old female mice in the 131 

C57BL/6 background by subcutaneous injection of 50 µg MOG35-55 132 

(MEVGWYRSPFSRVVHLYRDGK; CPC Scientific) in complete Freund's adjuvant (CFA) 133 

(Sigma-Aldrich) supplemented with 200 ng of heat-inactivated mycobacterium tuberculosis 134 

H37Ra (Difco Laboratories) as described (Adams et al., 2007). Control mice were injected only 135 

with CFA, as indicated. Mice were injected intravenously with 200 ng pertussis toxin (PTX) 136 

(Sigma-Aldrich) on days 0 and 2 of the immunization. Mice were scored daily as follows: 0, no 137 

symptoms; 1, loss of tail tone; 2, ataxia; 3, hindlimb paralysis; 4, hindlimb and forelimb 138 

paralysis; 5, moribund. 139 

 140 

Ex vivo luciferase assay. Proteins from mouse spinal cords were extracted on ice with a 141 

homogenizer in the Passive Lysis Buffer (Promega) supplemented with Protease and 142 

Phosphatase inhibitor cocktail set (Calbiochem, Inc). After a centrifugation at 13,000xg for 20 143 

minutes at 4ºC, 20 μL of the resulting supernatant was mixed with 50 μL of luciferase substrate 144 

(Luciferin, Promega) and the luminescence was measured on the Monolight™ 2010 luminometer 145 

(BD Biosciences). Relative light units (RLU) for luciferase were normalized to the optical 146 

density (OD) at 600 nm of respective spinal cord lysates. 147 

 148 

Induction of hypoxia. Hypoxia was induced as described (Le Moan et al., 2011). Briefly, adult 149 

WT mice were exposed to 8% O2 for 6 hours in an O2 chamber controlled by the ProOx P110 150 

and ProCO2 P120 systems (BioSpherix). Control mice were kept in the same room under 151 

ambient O2. Mice were sacrificed and brains lysed on ice in lysis buffer (100 mM NaCl, 1 mM 152 

EDTA, and 20 mM Tris-HCl, pH 7.4, 10% glycerol) containing 0.5% Tween 20 and 153 
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supplemented with protease and phosphatase inhibitor cocktail (Calbiochem). Protein extracts 154 

were then analyzed for HIF-1α levels by western blot.  155 

 156 

Western blotting. Proteins from mouse tissues were extracted on ice with a homogenizer in a 157 

lysis buffer containing: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 5 mM EGTA, 5 mM 158 

EDTA and 20 mM NaF, and supplemented with Protease and Phosphatase inhibitor cocktail set 159 

(Calbiochem®). The tissue lysates were cleared by a centrifugation at 13,000xg for 20 minutes at 160 

4ºC. Protein concentration of the resulting supernatant was determined by the Bio-Rad protein 161 

assay (Bio-Rad). Equal amounts of tissue extracts (60 μg) dissolved in Laemmli Buffer were 162 

separated by 8-16% SDS-PAGE and western blotting was performed as described (Le Moan et 163 

al., 2011). The membranes were probed with the rabbit polyclonal anti-mouse HIF-1α antibody 164 

(1:500, Novus Biological) and the mouse monoclonal anti-β-actin antibody (1:10000, Sigma) 165 

and developed by chemiluminescence (ECL Plus, GE Healthcare). 166 

 167 

Quantitative real-time PCR. Total RNA was extracted from spinal cords using the RNeasy kit 168 

(QIAGEN) according to the manufacturer instructions. Reverse transcription and real-time PCR 169 

(RT-PCR) on a StepOnePlus™ Real-Time PCR System (Applied Biosystems) were performed 170 

as described (Le Moan et al., 2011) in a 25 μL reaction using 2 μL of cDNA template, 12.5 μL of 171 

SYBR® Green PCR Master Mix (Applied Biosystems) and 1 μL of the following sense and 172 

antisense primers: inducible nitric oxide synthase (iNOS): forward, 5'- 173 

GGCAAACCCAAGGTCTACGTT -3'; reverse, 5'- TCGCTCAAG TTCAGCTTGGT -3'; 174 

erythropoietin (EPO): forward, 5'- CATCTGCGACAGTCGAGTTCTG -3'; reverse, 5'- 175 

CACAACCCATCGTGACATTTT C -3', HIF-1α: forward, 5'- ACCTTCATCGGAAACTCC 176 
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AAA G -3'; reverse, 5'- CTGTTAGGCTGGGAAAAGTTA GG-3';  L7: forward, 5'- GAAGCT 177 

CATCTATGAGAAGGC 3'; reverse, 5'- AAGACGAAGGAGCTGCAGAAC-3'. Thermocycling 178 

conditions were the following: initial step of 10 min at 95ºC, then 40 cycles of 15 s denaturation 179 

at 95ºC and 1 min annealing and extension at 60ºC. Results were analyzed with the StepOne 180 

Software v2.0 using the comparative CT method. Transcripts of gene of interest were normalized 181 

against the transcripts of the mouse ribosomal protein L7, used as a housekeeping gene, and were 182 

presented as fold change vs. the L7 transcript content. Each RT-PCR was performed in triplicate 183 

and repeated in 3 different animals. 184 

 185 

Immunohistochemistry. Mice were anesthetized and transcardially perfused with ice-cold 186 

phosphate buffer saline (PBS) solution containing zinc (3.9 mg/ml) as described (Sun et al., 187 

2008). Brains and spinal cords were dissected and frozen in OCT-compound. Section of 10 µm 188 

thickness were fixed overnight in a zinc fixative solution (0.1 M Tris, pH 7.4, 0.05% calcium 189 

acetate, 0.5% zinc acetate and 0.5% zinc chloride) and immunostained overnight at 4°C with a 190 

rabbit polyclonal anti-mouse HIF-1α antibody (1/500, Novus Biological). For light microscopy 191 

immunostaining, HIF-1α signal was developed by the peroxidase substrate 3-amino-9-192 

ethylcarbazole (AEC) (Sigma). The signal specificity was determined by omission of the primary 193 

antibody and by pre-adsorption of the primary antibody with the NB100-449 blocking peptide 194 

(Novus Biological). Double immunofluorescence staining was performed with antibodies against 195 

GFAP (rat anti-GFAP: 1:1000, Zymed® Laboratories) and Isolectin B4 (biotin IsoB4: 1/300, 196 

Sigma). Images were acquired with an Axioplan II epifluorescence microscope (Carl Zeiss) 197 

equipped with dry Plan-Neofluar objectives (10x 0.3 NA, 20x 0.5 NA, or 40x 0.75 NA) using an 198 

Axiocam HRc CCD camera and the Axiovision image analysis software.  199 
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Histopathology. Histopathologic analysis and quantitation of inflammation and demyelination in 200 

mouse tissue were performed on paraffin sections as described (Adams et al., 2007). Sections 201 

were stained with hematoxylin/eosin and luxol fast blue/periodic acid – shiff’s stain (LFB/PAS). 202 

Demyelinated areas were quantified on LFB/PAS stained sections using Axiovision software. 203 

Areas of demyelination were manually outlined by an observer blinded to the genotype, and 204 

measured using Axiovision software. For each mouse the sum of the demyelinated areas was 205 

divided by the number of coronal sections throughout the cord that were quantified (on average 8 206 

per cord). Inflammation was assessed by immunohistochemistry following antigen retrieval in 207 

boiled target retrieval solution (Dako) using an antibody against CD3 (rabbit anti-CD3: 1/500; 208 

Abcam) and a secondary anti rabbit-cy3 (1/300; JAX). Anti-CD3+ cells were counted on coronal 209 

sections throughout the cord (typically 8 per mouse) within region of interest. Region of interest 210 

consisted of 20 boxes of 100 µm x 100 µm per cross section, placed in areas of parenchymal and 211 

meningeal inflammation. To detect macrophage infiltration we used rat anti-mouse Mac-2 212 

(1:200; CEDARLANE) followed by a secondary anti rat-FITC (1:300; JAX). Images were 213 

acquired by a Keyence Biorevo BZ-9000E and measurement of Mac-2+ area was performed 214 

using Image J. To detect iNOS expressing astrocytes, we performed double immunofluorescence 215 

staining with antibodies against iNOS (1:100, Abcam) and GFAP (1:1000, Zymed® 216 

Laboratories). Images were acquired with an Axioplan II epifluorescence microscope (Carl 217 

Zeiss) and labeled cells were counted in the central area of spinal cord coronal sections within 218 

region of interest (box of 200 µm x 280 µm, six different rostro-caudal sections per animal). 219 

Quantification was performed by observers blinded to the genotypes of the mice.  220 

 221 
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Statistical analyses. Differences between experimental conditions were analyzed with ANOVAs 222 

and t-tests, and p-values were corrected for multiple comparisons using the method of Holm or 223 

Tukey’s Honest Significant Difference. When normality and homoscedasticity assumptions were 224 

violated, data were transformed using a natural logarithmic transformation. For daily scoring of 225 

clinical score data, we fit a linear mixed effects model (Laird and Ware, 1982; Lee et al., 2003)  226 

using the lme4 package (Bates et al., 2013) in R (Team, 2013). We used the fitted model to 227 

obtain estimates of the mean day of onset and the mean of the maximum clinical score for each 228 

genotype group. We performed a Fisher’s Exact test to determine whether there is a significant 229 

relationship between genotype and mice that achieve score 3 or higher during the experiment (% 230 

paralysis). Power and sample size analyses were performed with SAS 9.3. Data are shown as 231 

mean ± SEM; p < 0.05 was considered significant. Single comparisons to control were made 232 

using an unpaired t-test. 233 

 234 

Results 235 

HIF-1α stabilization is increased in the mouse spinal cord at the peak of EAE 236 

To determine the temporal regulation of HIF-1α in neuroinflammatory disease, we compared 237 

HIF-1α expression in spinal cord extracts from EAE mice at the onset (day 7) and peak of 238 

disease (day 16) with healthy control mice (non-immunized) (Figure 1A). HIF-1α protein levels 239 

at the peak of EAE were ~7 fold higher compared to control (Figure 1A). HIF-1α was not 240 

detected in control mice or at the onset of EAE (Figure 1A). Protein extracts from normoxic and 241 

hypoxic brains were used as a positive control of HIF-1α accumulation (Figure 1A). HIF-1α 242 

RNA levels were ~1.5 fold higher at the peak of EAE (Figure 1B), suggesting that HIF-1α 243 

expression is mainly regulated at the protein rather than the transcriptional level. In accordance, 244 
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RNA expression analysis of HIF-1α target genes iNOS and EPO showed significant increase at 245 

the peak of EAE (Figure 1C). Furthermore, we induced EAE in HIF-1α genetic reporter mice 246 

(HIF-1αluc), which express the luciferase gene fused to the oxygen sensing domain of HIF-1α 247 

and used ex vivo bioluminescence assay as a sensitive and accurate strategy to quantify HIF-1α 248 

accumulation in spinal cord extracts. Consistent with our biochemical results, the luciferase 249 

signal was significantly increased in MOG35-55-immunized mice at the EAE peak compared to 250 

control (Figure 1D). Since exposure to bacterial pathogens, such as PTX, may increase HIF-1α 251 

accumulation (Zinkernagel et al., 2007), we analyzed whether HIF-1α is upregulated in the 252 

absence of the MOG35-55 peptide. Immunization of HIF-1αluc mice with only CFA and PTX did 253 

not increase luciferase signal (Figure 1D), indicating that HIF-1α is specifically upregulated in 254 

response to MOG35-55-induced EAE.  255 

 256 

HIF-1α is expressed in astrocytes and microglia/macrophages in the mouse spinal cord at 257 

the peak of EAE 258 

In MS lesions, HIF-1α is mainly upregulated in astrocytes and oligodendrocytes in the NAWM 259 

(Graumann et al., 2003; Zeis et al., 2008), neurons, astrocytes and oligodendrocytes in pre-260 

demyelinating MS lesions (Aboul-Enein et al., 2003; Marik et al., 2007), and in oligodendrocytes 261 

in active lesions with dying-back oligodendrogliopathy (Lassmann , 2003) . We thus examined 262 

the cell-type specific expression of HIF-1α in spinal cords of EAE mice. Similar to our previous 263 

biochemical observations, immunohistochemistry showed HIF-1α accumulation in mouse spinal 264 

cords at the peak of EAE (Figure 2A). As expected, pre-incubation of the HIF-1α antibody with a 265 

blocking peptide abolished the staining (Figure 2A), indicating that the signal detected is specific 266 

for HIF-1α. HIF-1α staining showed a homogenous and widespread pattern of expression both in 267 
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grey and white matter areas of spinal cord tissue of EAE mice (Figure 2A). HIF-1α was weakly 268 

expressed in neurons of the grey matter in healthy control mice (Figure 2A). At EAE peak, HIF-269 

1α was increased in neurons of the grey matter and induced in the white matter (Figure 2A). 270 

Higher magnification images show prominent staining of HIF-1α in different cell types in the 271 

white matter area of the spinal cord of EAE mice (Figure 2B). To identify the cell types that 272 

express HIF-1α in the white matter after EAE, we performed double immunofluorescence 273 

staining of HIF-1α with cell-specific markers. At the peak of EAE, HIF-1α co-localized with the 274 

astrocyte marker GFAP and the microglia/macrophage marker IsoB4 (Figure 2C), indicating that 275 

astrocytes and microglia/macrophages are the two major cell types that express HIF-1α in 276 

myelinated areas in EAE.  277 

 278 

Genetic ablation or overexpression of HIF-1α in astrocytes or the myeloid lineage does not 279 

change the clinical course of EAE or demyelination 280 

To determine whether HIF-1α regulates the onset and progression of inflammatory 281 

demyelination, we generated four different mouse strains with cell-specific genetic depletion or 282 

overexpression of HIF-1α in astrocytes and myeloid cells. We generated cell-specific depletions 283 

of HIF-1α by crossing HIF-1α fl/fl mice with lysM-Cre and/or GFAP-Cre mice, which allows 284 

specific depletion of HIF-1α in the myeloid lineage and astrocytes, respectively. lysM-Cre:HIF-285 

1α fl/fl and GFAP-Cre:HIF-1α fl/fl mice have extensive loss of HIF-1α in targeted cells, have a 286 

normal life span, do not display any obvious phenotypes, and show no obvious neurologic 287 

defects (Cramer et al., 2003; Weidemann et al., 2009). To determine whether there is a 288 

synergistic effect between astrocyte and monocyte expressed HIF-1α, we also generated GFAP-289 

cre:lysM-Cre:HIF-1α fl/fl double conditional knock out mice to achieve simultaneous HIF-1α 290 
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depletion in both cell types. In addition, we generated mice to examine the role of targeted 291 

overexpression of HIF-1α via conditional depletion of VHL. GFAP-Cre:VHLfl/fl mice exhibit 292 

severe locomotive defects, hydrocephalus and increased lethality at 6 weeks (Weidemann et al., 293 

2009) that precludes their analysis in EAE. Therefore, we only generated lysM-Cre:VHLfl/fl mice.  294 

We induced EAE with the MOG35-55 peptide and analyzed clinical signs in the four 295 

different mouse strains. Genetic depletion or overexpression of HIF-1α in monocytes did not 296 

change the severity of clinical symptoms of EAE (Figure 3A, B). No differences were observed 297 

in day of onset, maximum clinical score and percentage of paralysis in lysM-Cre:HIF-1α fl/fl, 298 

lysM-Cre:VHLfl/fl, and HIF-1α fl/fl mice (Figure 3A, B and Table 1). Histopathological analysis at 299 

EAE peak showed no significant differences in the extent of demyelination, T cell, and 300 

macrophage infiltration between lysM-Cre:HIF-1α fl/fl and HIF-1α fl/fl littermate control mice 301 

(Figure 3C-E).  302 

Immunohistochemistry for HIF-1α revealed a remarkable decrease of HIF-1α in GFAP-303 

Cre:HIF-1α fl/fl mice, suggesting that astrocytes are a major source of HIF-1α in the white matter 304 

during EAE (Figure 4A). We further characterized how cell-specific depletion of HIF-1α in 305 

astrocytes affected the expression of iNOS, a HIF-1α-target gene. In control HIF-1α fl/fl mice, 306 

iNOS was mainly expressed by astrocytes at the peak of EAE (Figure 4B). In accordance with 307 

reduced expression of HIF-1α (Figure 4A), the total number of iNOS-expressing cells was 308 

decreased in GFAP-Cre:HIF-1α fl/fl mice compared to HIF-1α fl/fl control mice (Figure 4C). At 309 

the peak of EAE in GFAP-Cre:HIF-1α fl/fl mice, iNOS was significantly reduced in astrocytes 310 

(Figure 4D, E), while no differences were observed in the total number of GFAP-expressing 311 

astrocytes (Figure 4F). Overall, these results suggest that astrocyte expression of HIF-1α and its 312 

downstream gene target iNOS are reduced in GFAP-Cre:HIF-1α fl/fl mice. Despite the effect of 313 
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HIF-a genetic depletion on astrocytic iNOS, no changes were observed in the severity of clinical 314 

symptoms of EAE (Figure 5A and Table 1). Indeed, clinical signs, day of onset, maximum 315 

clinical score, and percentage of paralysis were also similar in GFAP-cre:lysM-Cre:HIF-1α fl/fl  316 

and HIF-1α fl/fl mice (Figure 5B and Table 1), suggesting that depletion of HIF-1α in both 317 

astrocytes and monocytes does not affect neuroinflammatory disease. Although GFAP-cre:lysM-318 

Cre:HIF-1α fl/fl mice showed decreased percentage of paralysis, the effect was not significant 319 

(Table 1). HIF-1α depletion in oligodendrocytes is involved in white matter angiogenesis (Yuen 320 

et al., 2014).  However, mice with astrocyte or myeloid-specific deletion of HIF-1α had no 321 

significant differences in vascular density after EAE (Figure 5C). Overall, these results suggest 322 

that astrocyte and/or myeloid depletion of HIF-1α is not essential for the development of EAE.   323 

 324 

Discussion  325 

In this study, we described that HIF-1α expression is induced in astrocytes and 326 

microglia/macrophages in the spinal cord of EAE mice at the peak of the disease. In accordance, 327 

transcription of HIF-1α target genes iNOS and EPO, involved in neuronal damage and 328 

protection, is increased. Unexpectedly, we found that genetic depletion of HIF-1α in astrocytes 329 

and cells of the myeloid lineage does not affect the development of neuroinflammatory disease. 330 

Accordingly, the extent of spinal cord inflammation and demyelination was similar between 331 

conditional knockout and control mice.  Together with two recently published studies showing a 332 

role for oligodendrocyte-specific HIF-1α in myelination (Yuen et al., 2014) and T-cell specific 333 

HIF-1α in EAE (Dang et al., 2011), our results demonstrate a tightly regulated cellular specificity 334 

for HIF-1α contribution in nervous system pathogenesis.  335 
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Genetic manipulation of HIF-1α in classical animal models of inflammation and 336 

neurodegeneration, including sepsis (Peyssonnaux et al., 2007; Thiel et al., 2007), rheumatoid 337 

arthritis and chronic cutaneous inflammation (Cramer et al., 2003) and stroke (Baranova et al., 338 

2007) have shown that HIF-1α exerts a profound influence on disease progression. Therefore, we 339 

hypothesized that HIF-1α deficiency in glial cells would likely be protective and HIF-1α 340 

overexpression would exacerbate inflammation in the EAE mouse model. However, our EAE 341 

experiments conclusively show that genetic ablation of HIF-1α in astroglia and macrophages 342 

does not alter disease progression. It is possible that HIF-1α deficiency or exacerbation in 343 

astrocytes did not alter EAE progression because of the additional cell sources expressing HIF-344 

1α, including oligodendrocytes and T-cells. Indeed, a recent study showed that mice lacking 345 

HIF-1α in CD4+ T-cells are deficient in IL-17 production and are more resistant to EAE (Dang et 346 

al., 2011). Furthermore, HIF-1α signaling in oligodendrocytes is essential for postnatal 347 

myelination (Yuen et al., 2014). Depending on the cell source, HIF-1α might have positive and 348 

negative effects in inflammatory demyelination. On one hand, HIF-1α could exacerbate 349 

pathogenesis by increasing BBB opening and inflammatory infiltration. On the other hand, HIF-350 

1α may also have protective effects on oligodendrocyte and neuronal survival. Genetic ablation 351 

of HIF-1α might cancel out its diverse effects, thus preventing measurable effects in clinical 352 

signs and disease pathogenesis. Lastly, another possible explanation for the lack of effect of HIF-353 

1α genetic manipulation in EAE could be the partial overlapping functions between HIF-1α and 354 

its homolog HIF-2α. While our study suggests that depletion of HIF-1α in astrocytes or myeloid-355 

lineage cells does not affect vascular density in EAE, depletion of HIF-1α in oligodendrocytes 356 

regulates white matter angiogenesis (Yuen et al., 2014). Future studies are required to further 357 

characterize the effects of astrocytic and myeloid HIF-1α on inflammatory infiltrate subsets by 358 
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FACS and angiogenic processes such as BBB permeability that can influence CNS 359 

inflammation, demyelination and axonal loss. 360 

Although the use of the human GFAP-cre mouse line in our study might have influenced 361 

HIF-1α expression in neurons and oligodendrocytes in addition to astrocytes, we did not observe 362 

effects on the course of EAE GFAP-cre:HIF-1αfl/fl mice. Therefore, it is unlikely that potential 363 

unspecific and partial reduction of HIF-1α in neurons and oligodendrocytes could have masked 364 

the effect of astrocytic HIF-1a depletion. The lack of effect of HIF-1α genetic manipulation in 365 

glial cells might stem from the use of the MOG-EAE model used in our study. However, since 366 

pharmacological manipulation of HIF-1α influences clinical symptoms in similar models of CNS 367 

autoimmunity (Dore-Duffy et al., 2011; Huh et al., 2011), it is likely that alternate HIF-1α-368 

expressing cell types might contribute to inflammatory demyelination. In contrast to the GFAP-369 

cre mouse line that may target additional cell types, the use of lys-cre line might not fully 370 

achieve HIF-1α depletion in the myeloid lineage. Therefore, future studies in recently generated 371 

microglial-specific cre mice (Parkhurst et al., 2013) could increase the HIF-1α depletion and 372 

shed light in microglial-specific depletion of HIF-1α in inflammatory demyelination. 373 

Our findings that HIF-1α is upregulated in astrocytes and inflammatory cells of white 374 

matter areas are in agreement with studies in MS patients. HIF-1α and its downstream genes are 375 

upregulated in the brains of MS patients. We observed primarily changes in protein expression of 376 

HIF-1α, suggesting that posttranslational modifications that stabilize HIF-1α are primarily 377 

involved in HIF-1α upregulation in EAE. HIF-1α stabilization may reflect a reactive change 378 

within cells consecutive to the hypoxic and inflammatory conditions and might play a causative 379 

role in the formation of demyelinating plaques. Indeed, we observed significant increase in HIF-380 

1α levels at the peak of EAE and did not detect HIF-1α upregulation at the onset of the disease. It 381 
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is possible that HIF-1α accumulation is either too low to be detected at early stages or occurs 382 

after the onset of EAE. Future studies using sensitive methods to detect upregulation of HIF-1α 383 

at early stage in EAE would be crucial to determine its relationship with early tissue alterations. 384 

In summary, our data demonstrate that deleting HIF-1α or its negative regulator VHL in 385 

astrocyte and/or myeloid cells is insufficient to affect the clinical course of EAE. Further 386 

experiments targeting HIF-1α in other glial cell types, such as oligodendrocytes or T cell subsets 387 

are needed to fully understand the function of HIF-1α in inflammatory demyelinating diseases.   388 
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Table Legends 496 

Table 1. Quantification of day of onset, clinical score, and paralysis in EAE experiments.   497 

Experiment 1: EAE induction in lysM-Cre:HIF-1α fl/fl vs. control mice HIF-1α fl/fl . Experiment 2: 498 

EAE induction in lysMCre:VHLfl/fl vs. control mice VHLfl/fl. Experiment 3: EAE induction in 499 

GFAP-Cre:HIF-1α fl/fl vs. control mice HIF-1α fl/fl. Experiment 4: EAE induction in GFAP-500 

Cre:lysM-Cre:HIF-1α fl/fl  vs. control mice HIF-1α fl/fl . Day of onset defined as the first day that 501 

the score is 0.5 or above. A linear mixed effects model was used to estimate means and 95% 502 

confidence intervals (CI) for both day of onset and maximum clinical score for each genotype 503 

group. A Fisher’s Exact test was used to determine whether there is a significant relationship 504 

between genotype and mice that achieve score 3 or higher during the experiment (% paralysis).  505 

 506 

Table 2. Statistical table.  507 

Each superscript lowercase letter refers to the statistical test in Figures, Results section, and 508 

Table 1.  509 

 510 

  511 
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Figure Legends 512 

Figure 1. Stabilization and transcriptional activation of HIF-1α in the spinal cord of EAE mice. 513 

A, Western blot for HIF-1α in spinal cords of control (n = 3), pre-onset EAE, day 7 post 514 

immunization (p.i.) (n = 3) and peak EAE, day 16 p.i. (n = 3) mice. Normoxic (21% O2) and 515 

hypoxic (10% O2) brain extracts were loaded with spinal cord extracts of EAE mice to 516 

demonstrate HIF-1α protein stabilization. β-actin loading controls were performed on the same 517 

membrane. N, Normoxia; H, Hypoxia. ANOVA: P=0.002a. Peak EAE had a higher ratio of HIF-518 

1α/β-actin than control (P=0.006a) or pre-onset EAE mice (P=0.003a). B, Quantitative real-time 519 

PCR analysis of HIF-1α expression in spinal cords of control (n = 3) and peak EAE (n = 3) mice, 520 

P=0.01b. C, Quantitative real-time PCR analysis of HIF-1α target genes iNOS and EPO in spinal 521 

cords of control (n = 3) and peak EAE (n = 3) mice, P=0.03c and P=0.04d. D, Quantitative 522 

analysis of photon emission in spinal cord of HIF-1αluc control (n = 3) and peak EAE mice with 523 

MOG/CFA/PTX (n = 12) or CFA/PTX (n = 15). ANOVA: P=0.00004e. MOG/CFA/PTX had 524 

greater bioluminescence than both CFA/PTX (P=0.0005e) and control mice (P=0.0005e). HIF-525 

1αluc mice were sacrificed and spinal cord tissues were excised to extract proteins. The 526 

bioluminescence signal was quantified ex vivo by the luciferase assay and expressed as relative 527 

light units (RLU) per optical density (OD) of proteins at 600 nm. MOG35-55, myelin 528 

oligodendrocyte glycoprotein; CFA, Complete Freund’s Adjuvant; PTX, pertussis toxin. Data 529 

are presented as mean ± SEM. *P < 0.05; **P < 0.01;  ***P < 0.001 by Holm’s test in B and C and 530 

one-way ANOVA followed by Tukey multiple comparisons in A and D.  531 

 532 

Figure 2. HIF-1α is expressed in astrocytes and microglia/macrophages in the spinal cord of 533 

EAE mice. A, Immunohistochemical staining for HIF-1α in spinal cord sections from healthy 534 



 

24 
 

mice and at peak EAE, 17 days p.i.. Absorption control after anti-HIF-1α antibody incubation 535 

with HIF-1α blocking peptide at peak EAE. Scale bar, 300 μm. Arrows indicate neuronal cells. 536 

B, Higher magnification of HIF-1α immunostaining in the grey and white matter of the spinal 537 

cord of healthy and EAE mice. Scale bar, 50 μm. Arrows indicate neuronal cells. C, Double 538 

immunofluorescence with antibodies against HIF-1α (green) and GFAP (top) or isoB4 (bottom) 539 

(red) of spinal cord sections of EAE mice 17 days after immunization. Scale bar, 50 μm. Arrows 540 

indicate HIF-1α+isoB4- cells with astrocyte-like morphology (green). 541 

 542 

Figure 3. Genetic depletion or overexpression of HIF-1α in myeloid cells does not affect the 543 

clinical course of EAE, demyelination and inflammatory infiltrates. A, Clinical scores of mice 544 

genetically depleted for HIF-1α in myeloid cells lysM-Cre:HIF-1α fl/fl (n = 17) and control mice 545 

HIF-1α fl/fl (n = 22). B, Clinical scores of mice overexpressing HIF-1α in microglia/macrophages 546 

lysMCre:VHLfl/fl (n = 20) and control mice VHLfl/fl (n = 15). For A and B, for each genotype, day 547 

of onset, maximum clinical score and percentage of mice developing signs of paralysis (score 3 548 

and higher) were calculated using mixed linear effects models, and results are presented in Table 549 

1. Data are presented as mean ± SEM. C, Luxol Fast Blue/Periodic Acid – Schiff’s staining 550 

shows demyelination in HIF-1α fl/fl (n = 5) and lysM-Cre:HIF-1α fl/fl (n = 5). Data are presented 551 

as mean ± SEM. Statistical analysis was performed using the unpaired T-test (p=0.28l). D, 552 

Immunohistochemistry for CD3 shows no significant differences in inflammation between HIF-553 

1αfl/fl (n = 5) and lysM-Cre:HIF-1αfl/fl (n = 5). Data are expressed as number of CD3+ cells per 554 

mm2 per mouse and presented as mean ± SEM. Statistical analysis was performed using the 555 

unpaired t-test (p=0.14m).  E, Immunohistochemistry for Mac-2 shows no significant differences 556 

in inflammation between HIF-1αfl/fl (n = 4) and lysM-Cre:HIF-1αfl/fl (n = 4). Data are expressed 557 
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as percentage of Mac-2+ area per mouse and presented as mean ± SEM. Statistical analysis was 558 

performed using unpaired t-test (p=0.153n). 559 

 560 

Figure 4. Genetic depletion of HIF-1α in astrocytes decreases expression of HIF-1α and iNOS in 561 

astrocytes. A, Staining for HIF-1α in GFAP-Cre:HIF-1α fl/fl and HIF-1α fl/fl mice after EAE. B, 562 

Quantification of iNOS expression in Mac-2+ macrophages and GFAP-expressing astrocytes at 563 

peak EAE in HIF-1αfl/fl mice (n = 5). Area = 0.056 mm2. Data are presented as mean ± SEM 564 

from n = 5 mice. Statistical analysis was performed using an unpaired t-test with Welch’s 565 

correction (p=0.003o). C, Quantification iNOS+ cells at peak EAE in HIF-1αfl/fl (n = 5) and 566 

GFAP-Cre:HIF-1α fl/fl (n = 4) mice. Area = 0.056 mm2. Data are presented as mean ± SEM. 567 

Statistical analysis was performed an unpaired t-test (p=0.034p). D, Double immunofluorescence 568 

of GFAP (green) and iNOS (red) in HIF-1αfl/fl and GFAP-Cre:HIF-1αfl/fl mice at peak EAE. 569 

Statistical analysis was performed using an unpaired t-test (p=0.01q). E, Quantification of iNOS+ 570 

GFAP+ cells reveals reduced iNOS-expressing astrocytes in GFAP-Cre:HIF-1α fl/fl (n = 4) 571 

compared to HIF-1αfl/fl (n = 5) mice. Area = 0.056 mm2. Statistical analysis was performed using 572 

an unpaired t-test (p=0.0159q). F, Quantification of GFAP+ astrocytes shows similar numbers of 573 

astrocytes in GFAP-Cre:HIF-1α fl/fl (n = 4) and HIF-1αfl/fl (n = 5) mice at peak EAE . Area = 574 

0.056 mm2. Data are presented as mean ± SEM. Statistical analysis was performed using an 575 

unpaired t-test (p=0.06r). 576 

 577 

Figure 5. Genetic depletion of HIF-1α in astrocytes or in both astrocytes and myeloid cells does 578 

not affect the clinical course of EAE. A, Clinical scores of mice genetically depleted for HIF-1α 579 

in astrocytes GFAP-Cre:HIF-1α fl/fl (n = 24) and control mice HIF-1α fl/fl (n = 27). B, Clinical 580 
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scores of mice genetically depleted for HIF-1α in astrocytes and myeloid cells GFAP-Cre:lysM-581 

Cre:HIF-1α fl/fl (n = 16) and control mice HIF-1α fl/fl (n = 13).  For A and B, for each genotype, 582 

day of onset, maximum clinical score and percentage of mice developing signs of paralysis were 583 

calculated using mixed linear effects models, and results are presented in Table 1. Data are 584 

presented as mean ± SEM. C, Immunostaining for tomato-lectin shows no significant differences 585 

in lectin+ vessels between HIF-1αfl/fl (n = 5), lysM-Cre:HIF-1αfl/fl (n = 5), and GFAP-Cre:HIF-586 

1α fl/fl (n = 4) at peak EAE. Data are expressed as percentage of lectin+ area per mouse and 587 

presented as mean ± SEM. Statistical analysis was performed using one-way ANOVA (p=0.83y). 588 

 589 

 590 

 591 

 592 

  593 
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Table 1: Quantification of day of onset, clinical score, and paralysis in EAE experiments. 594 

Exp. Genotype 
 

n 
mice 

Day of onset 
Day[95% CI] P 

Maximum  
clinical score 

Score [95% CI] 
P Paralysis 

% P 

1 
lysM-Cre:HIF-1αfl/fl 17 11.7 [11.0–12.5] 

0.77f 
2.71 [2.43–2.98] 

0.77g 
23.5 

0.73h 
HIF-1αfl/fl 22 11.4 [11.0–12.0] 2.79 [2.54–3.02] 31.8 

2 
lysM-Cre:VHLfl/fl 20 7.95 [7.0–9.5] 

0.90i 
2.95 [2.32–3.52] 

0.90j 
50 

0.99k 
VHLfl/fl 15 8.56 [7.0–10.0] 2.82 [2.15–3.47] 46.7 

3 
GFAP-Cre:HIF-1αfl/fl 

 

24 11.40 [11.0–12.0] 
0.99s 

2.81 [2.43–3.17] 
0.99t 

62.5 
0.78u 

HIF-1αfl/fl 27 11.29 [11.0–12.0] 2.96 [2.64–3.26] 55.6 

4 
GFAP-Cre:lysM-
Cre:HIF-1αfl/fl 

 

16 11.44 [10.5–12.0] 0.65v 2.56 [2.26–2.88] 0.98w 12.5 0.19x 
HIF-1αfl/fl 13 11.98 [11.5–12.5] 2.57 [2.27–2.86] 38.5 

 595 

  596 
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Table 2: Statistical Table 597 

 Data Structure Type of test Power 
a Natural log of HIF1 alpha protein 

has a normal and homoscedastic  
distribution and was used as 
outcome variable 

ANOVA followed 
by Tukey multiple 
comparisons of 
means 

For Peak EAE vs. 
control, power = 0.99 
For Peak EAE vs. Pre-
Onset EAE, power= 
0.999 
For Pre-Onset EAE vs 
Control, power = 0.10 

b Normal distribution Holm’s test Power = 0.911 
c Normal distribution Holm’s test Power > 0.99 
d Normal distribution Holm’s test Power = 0.89 
e Natural log of luciferase activity 

has a normal and homoscedastic 
distribution and was used as 
outcome variable 

ANOVA followed 
by Tukey multiple 
comparisons of 
means 

For CFA+PTX vs 
control, power = 0.37 
For MOG+CFA+PTX 
vs control, power = 0.99 
For MOG+CFA+PTX 
vs CFA+PTX, power = 
0.99 

f Non-normal distribution mixed effects 
model 

Power = 0.64 

g Non-normal distribution mixed effects 
model 

Power = 0.17 

h Non-normal distribution Fisher’s Exact test Power = 0.06 
i Non-normal distribution mixed effects 

model 
Power = 0.46 

j Non-normal distribution mixed effects 
model 

Power = 0.08 

k Non-normal distribution Fisher’s Exact test Power = 0.05 
l Normal distribution Student’s t-test Power = 0.18 
m Normal distribution Student’s t-test Power = 0.30 
n Normal distribution Student’s t-test  Power = 0.26 
o Normal distribution Student’s t-test 

with Welch’s 
correction 

Power = 0.98 

p Normal distribution Student’s t-test 
with Holm’s test 

Power = 0.50 

q Normal distribution Student’s t-test 
with Holm’s test 

Power = 0.67 

r Normal distribution Student’s t-test 
with Holm’s test 

Power = 0.26 

s Non-normal distribution mixed effects 
model 

Power = 0.08 

t Non-normal distribution mixed effects 
model 

Power = 0.47 
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u Non-normal distribution Fisher’s Exact test Power = 0.06 
v Non-normal distribution mixed effects 

model 
Power = 0.61 

w Non-normal distribution mixed effects 
model 

Power = 0.03 

x Non-normal distribution Fisher’s Exact test Power = 0.22 
y Normal distribution ANOVA followed 

by Tukey multiple 
comparisons of 
means 

For HIF-1αfl/fl vs lysM-
Cre:HIF-1αfl/fl, power = 
0.03 
For HIF-1αfl/fl vs 
GFAP-Cre:HIF-1α fl/fl, 
power= 0.02 
For lysM-Cre:HIF-1αfl/fl 
vs GFAP-Cre:HIF-1α 
fl/fl, power = 0.03 
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