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Abstract 28 

Currently no treatments exist for preterm infants with diffuse white matter injury 29 

(DWMI) caused by hypoxia. Due to improved care of preterm neonates and increased 30 

recognition by advanced imaging techniques, the prevalence of DWMI is increasing. A better 31 

understanding of the pathophysiology of DWMI is therefore of critical importance. The 32 

integrated stress response (ISR), a conserved eukaryotic response to myriad stressors including 33 

hypoxia, may play a role in hypoxia-induced DWMI and may represent a novel target for much 34 

needed therapies. In this study we utilize in vitro and in vivo hypoxic models of DWMI to 35 

investigate whether the ISR is involved in DWMI. We demonstrate that hypoxia activates the 36 

ISR in primary mouse oligodendrocyte precursor cells (OPCs) in vitro and that genetically 37 

inhibiting the ISR in differentiating OPCs increases their susceptibility to in vitro hypoxia. We 38 

also show that a well-established in vivo mild chronic hypoxia (MCH) mouse model and a new 39 

severe acute hypoxia (SAH) mouse model of DWMI activates the initial step of the ISR. 40 

Nonetheless, genetic inhibition of the ISR has no detectable effect on either MCH or SAH-41 

induced DWMI. In addition, we demonstrate that genetic enhancement of the ISR does not 42 

ameliorate MCH or SAH-induced DWMI. These studies suggest that while the ISR protects 43 

OPCs from hypoxia in vitro, it does not appear to play a major role in either MCH or SAH-44 

induced DWMI and is therefore not a likely target for therapies aimed at improving neurological 45 

outcome in preterm neonates with hypoxia-induced DWMI.  46 

  47 
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Significance Statement 48 

Diffuse white matter injury (DWMI) caused by hypoxia is a leading cause of 49 

neurological deficits following premature birth. An increased understanding of the pathogenesis 50 

of this disease is critical. The integrated stress response (ISR) is activated by hypoxia and 51 

protects oligodendrocyte lineage cells in other disease models. This has led to an interest in the 52 

potential role of the ISR in DWMI. Here we examine the ISR in hypoxia-induced DWMI and 53 

show that while the ISR protects oligodendrocyte lineage cells from hypoxia in vitro, genetic 54 

inhibition or enhancement of the ISR has no effect on hypoxia-induced DWMI in vivo 55 

suggesting that the ISR does not play a major role in, and is not a likely therapeutic target for, 56 

DWMI. 57 

58 
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Introduction 59 

Diffuse white matter injury (DWMI), also known as perinatal white matter injury, is a 60 

white matter disorder affecting low birth weight premature infants born between 23-32 weeks of 61 

gestation. Importantly, with improved care of premature neonates, the prevalence of DWMI is 62 

increasing as more low birth weight premature infants survive, approximately half of which 63 

manifest cognitive and learning disabilities by school age (Wilson-Costello et al., 2005; Deng, 64 

2010; Back, 2015). Although the cellular and molecular mechanisms that cause DWMI are 65 

unknown, hypoxia, caused by underdeveloped neural vasculature and inefficient oxygenation 66 

from immature lungs, is thought to play a major role (Volpe, 2001, 2009; Scafidi et al., 2014). 67 

Currently there are no approved therapies for DWMI. 68 

Susceptibility to DWMI occurs prior to the onset of myelination when the most prevalent 69 

member of the oligodendrocyte lineage is the oligodendrocyte progenitor cell (OPC) (Back et al., 70 

2001, 2002, 2005, 2007). The hypoxic insults damage OPCs, causing death and inhibiting their 71 

maturation, leading to decreased white matter (Back and Miller, 2014). This coupled with the 72 

known increased susceptibility of OPCs to oxidative stress is thought to be the underlying cause 73 

of OPC specific damage in DWMI (Back et al., 2007; Deng, 2010). 74 

Hypoxia, through PKR-like endoplasmic reticulum kinase (PERK; also known as 75 

EIF2AK3), is also a known activator of the integrated stress response (ISR), a conserved 76 

eukaryotic stress response that signals through phosphorylation of the  subunit of eukaryotic 77 

translation initiation factor 2 alpha (eIF2 ) (Koumenis et al., 2002). PERK is also a component 78 

of the unfolded protein response (UPR) and phosphorylated eIF2  (p-eIF2 ) decreases global 79 

protein translation and upregulates cytoprotective gene expression through activating 80 
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transcription factor 4 (ATF4) (Donnelly et al., 2013). ATF4 also increases the expression of the 81 

transcription factor CAAT enhancer binding protein homologous protein (CHOP; also known as 82 

DDIT3) (Harding et al., 2003). CHOP increases expression of growth and arrest DNA-damage 83 

34 (GADD34; also known as PPP1R15A), which forms a complex with protein phosphatase 1 84 

(PP1) to dephosphorylate eIF2  forming a negative feedback loop that dampens the ISR (Novoa 85 

et al., 2001). The ISR, especially via PERK, is protective in multiple disorders of 86 

oligodendrocytes and myelin, and enhancement of the ISR by inactivating GADD34 or CHOP is 87 

known to protect oligodendrocytes in multiple mouse models of disease. (Clayton and Popko, 88 

2016; Way and Popko, 2016). In addition, the ISR responds to inflammation and excitotoxicity, 89 

both insults known to contribute to DWMI (Deng, 2010; Hetz et al., 2013). This ability of the 90 

ISR to respond to multiple stresses involved in DWMI along with the known protective role of 91 

the ISR in other white matter disorders, positions the ISR as an intriguing potential player and 92 

novel therapeutic target in DWMI (Bueter et al., 2009).  93 

In this study we explored the role of the ISR in DWMI with the goal of better 94 

understanding the mechanism and potential therapeutic targets of DWMI. To study this we have 95 

examined primary isolated OPCs exposed to hypoxia and utilized two hypoxic mouse models of 96 

DWMI, a well-established mild chronic hypoxia model (MCH) (Scafidi et al., 2009, 2014; Fancy 97 

et al., 2011; Yuen et al., 2014) and a new alternative severe acute hypoxia model (SAH). We 98 

demonstrate that both in vitro and in vivo hypoxia increase phosphorylation of eIF2α, without 99 

induction of downstream ISR components. Moreover, oligodendrocyte specific genetic inhibition 100 

of the ISR via Perk deletion exacerbates in vitro hypoxic damage to differentiating OPCs but 101 

does not affect either MCH or SAH-induced DWMI. Together these results suggest that while 102 

neonatal hypoxia leads to increased phosphorylation of eIF2 , it does not activate a full ISR 103 
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response and that PERK-mediated ISR activation does not likely play a major role in hypoxia 104 

induced DWMI. In addition, the genetic enhancement of the ISR in mice exposed to MCH or 105 

SAH by inactivating GADD34 and CHOP did not provide increased protection, suggesting that 106 

the ISR is an unlikely therapeutic target for DWMI. 107 

 108 

Methods 109 

Animals 110 

All animals were housed under pathogen-free conditions and all animal procedures were 111 

approved by the Institutional Animal Care and Use Committees of the University of Chicago. All 112 

mice were on the C57BL/6 background and unless otherwise stated male and female mice were 113 

used. 114 

 C57BL/6 mice were obtained from The Jackson Laboratory (#000664). Olig2-Cre mice 115 

were provided by Dr. David Rowitch (Schüller et al., 2008) and floxed Perk mice were provided 116 

by Dr. Douglas Cavener (Zhang et al., 2002). Olig2-Cre;Perk FL/FL (OL-Perk-null) and 117 

littermate control Perk FL/FL mice lacking Cre expression (OL-Perk-FL) mice were used for 118 

experiments. Recombination efficiency with Olig2-Cre mice is reported to be above 90% 119 

(Kucharova and Stallcup, 2015). To determine the recombination efficiency Olig2-Cre mice 120 

were crossed to a ROSA26-YFP reporter line (Jackson Laboratory, Stock #006148). Brain tissue 121 

collected and stained for Olig2 and YFP exhibited 79.6±11.6% of Olig2+ cells that were also 122 

YFP+ (data not shown).  123 
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Gadd34 null mice were provided by Dr. David Ron and Chop null (Jackson Laboratory, 124 

#005530) mice have been previously described and were bred in house (Zinszner et al., 1998; 125 

Novoa et al., 2001).  126 

 127 

OPC isolation and culture 128 

OPCs were isolated from P5-7 mouse brains following the immunopanning protocol 129 

described by Barres et al. (1992) and subsequently modified and described elsewhere (Dugas and 130 

Emery, 2013a; Emery and Dugas, 2013; Way et al., 2015). Cells were maintained as OPCs or 131 

differentiated into mature OLs in media as previously described under control conditions as 132 

previously described (Dugas and Emery, 2013b; Emery and Dugas, 2013; Way et al., 2015) 133 

Wild-type (WT) OPCs were generated from WT mice while Perk KO OPCs were generated from 134 

OL-Perk-Null mice.  135 

 136 

Propidium Iodide Survival Assay 137 

Isolated OPCs were plated onto glass coverslips in proliferation media and after 24hrs of 138 

recovery cells were transferred to differentiation media with 500ng/ml tunicamycin (Sigma, Cat# 139 

T7765) for 24hrs. Following tunicamycin treatment cells were stained with propidium iodide 140 

(Sigma, Cat# P4170) to label dead cells and fluorescein acetate (Sigma, Cat# F7378) to label 141 

living cells. Three coverslips were counted per group and the percent survival was presented. 142 

 143 
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 144 

In vitro hypoxia 145 

For in vitro hypoxia experiments, OPCs isolated from P5-P7 mouse brains were 146 

transferred from control proliferation media to identical proliferation media that was equilibrated 147 

to 0.1% O2 for at least 2 hours in a ProOx C21 Biospherix. Cells were then cultured at 0.1% O2 148 

and 10% CO2 for various time periods based on the experiment. 149 

 150 

Immunocytochemistry and cell counts 151 

Immediately following 48hrs of differentiation in either 0.1% O2 or normoxia cells were 152 

fixed with ice-cold 4% paraformaldehyde for 15 minutes at room temperature, washed with PBS, 153 

dried, and stored at -80°C.  154 

Cells were blocked with 10% FCS/0.3% Triton in PBS and then incubated overnight in 155 

primary antibody in blocking solution. Cells were then washed with PBS, and incubated with 156 

AlexaFluor-conjugated secondary antibodies and mounted with Vectashield with DAPI 157 

mounting medium. The following primary antibodies were used: 1:250 MBP (BioLegend, Cat# 158 

808402, RRID: AB_2314771) and 1:250 Olig2 (Millipore, Cat# MABN50, RRID: 159 

AB_10807410). 160 

Stained cells were imaged with an Olympus IX81 inverted microscope with a 161 

Hamamatsu Orca Flash 4.0 Camera. Five non-overlapping fields of view were taken with a 20x 162 

objective and the percentage of Olig2+ cells that were also MBP+ were counted. 163 

 164 
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 165 

In vivo MCH and SAH models of DWMI 166 

MCH is a well-described model of DWMI (Scafidi et al., 2009, 2014; Fancy et al., 2011; 167 

Yuen et al., 2014). Mouse pups, both male and female, were genotyped and fostered to lactating 168 

CD1 dams at P2 and designated for either MCH or room air control (RA). Fostering is required 169 

for this protocol since C57BL/6 dams do not care for their litters under hypoxic conditions 170 

(Scafidi et al., 2009, 2014). At P3 pups assigned to MCH were placed into a Biospherix glove 171 

box maintained at 10±0.5% O2 by displacement with nitrogen and controlled by a ProOx 360 172 

from Biospherix. Pups were exposed to MCH for 8 days from P3-P11 after which they were 173 

returned to room air until the end of the experiment. Room air control mice were also fostered to 174 

CD1 dams and kept at room air for the duration of the experiment. 175 

To our knowledge, severe acute hypoxia (SAH) as a model of DWMI has not been 176 

previously described. Male and female mouse pups were fostered to lactating CD1 dams at P2 177 

and designated for either SAH or RA control. Fostering was determined to be necessary 178 

experimentally. At P3 acute severe hypoxia pups were placed into a Biospherix glove box that 179 

was maintained at 7±0.5% O2 by displacement with nitrogen under the control of a ProOx 360 180 

from Biospherix. Pups were exposed to SAH for 24 hours from P3-P4, after that they were 181 

returned to room air until the end of the experiment. The duration of SAH was determined 182 

experimentally and was the maximum duration that lactating CD1 foster females could tolerate. 183 

Control mice in RA were also fostered to lactating CD1 dams and kept at room air for the 184 

duration of the experiment. 185 

 186 
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 187 

Total Protein and RNA isolation 188 

Protein was isolated from cells and snap frozen half-brain or frontal cortex rostral to the 189 

hippocampus using RIPA lysis buffer (Sigma, Cat# R0278) supplemented with protease inhibitor 190 

pills (cOmplete mini inhibitor cocktail, Roche, Cat# 11836170001), phosphatase inhibitor 191 

cocktail 2 (Sigma, P2850), phosphatase inhibitor cocktail 3 (Sigma, Cat# P5726), and 17.5mM 192 

-glycerophosphate (Sigma, Cat# G9422). Protein lysates were then clarified by centrifugation 193 

and stored at -80°C. Protein concentration was determined using a BCA protein assay kit 194 

(ThermoScientific Pierce, Cat# 23255). The region of the frontal cortex rostral to the 195 

hippocampus was isolated to study myelin protein levels in subcortical white matter  that is 196 

susceptible to hypoxia induced DWMI (Ment et al., 1998; Fagel et al., 2006; Jablonska et al., 197 

2012; Scafidi et al., 2014; Yuen et al., 2014).   198 

RNA was isolated from cells and snap frozen half-brain as previously described (Way et 199 

al., 2015). RNA quality was confirmed on an Agilent 2100 Bioanalyzer using an Agilent 6000 200 

Nano Kit (Agilent Technologies, Cat# 5067-1511) according to the manufacturer’s instructions. 201 

Only samples with an RNA integrity number above 7 were used. 202 

 203 

Western blot 204 

Western blot analysis was performed as previously described (Way et al., 2015). The 205 

following primary antibodies were used: 1:500 p-eIF2  (Abcam, Cat# AB32157, RRID: 206 

AB_732117), 1:1000 eIF2  (Cell Signaling, Cat# 9722S, RRID: AB_1069509), 1:250 ATF4 207 
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(Aviva, Cat# ARP37017, RRID: AB_593104), 1:250 MAG (Thermo Fisher Scientific, Cat# 208 

346200, RRID: AB_2533179), 1:250 CNP (BioLegend, Cat# 836401, RRID: AB_510037), 209 

1:1000 MBP (BioLegend, Cat# 808402, RRID: AB_2314771), 1:500 ATF6 (Cosmo Bio, BAM-210 

73-505, RRID: AB_10709801), 1:500 pPKR (ThermoFisher, PA5-37704, RRID: AB_254312), 211 

1:500 PKR (Abcam, AB45427, RRID: AB_777309), and 1:2000 actin (Sigma, A2066, RRID: 212 

AB_476693). For presentation of representative blots bands from the same membrane are 213 

presented in the same window and separated by a solid line when cropped. Bands that are 214 

presented in separate windows are from different membranes. 215 

 216 

Quantitative real-time PCR and real-time PCR Xbp1 splicing assay 217 

Quantitative real-time PCR was performed as previously described (Way et al., 2015). 218 

Results were analyzed using the C(t) method with the Pfaffl correction for primer set specific 219 

PCR efficiency (Pfaffl, 2001) on the BioRad CFX Manager software. RPL13A was used as the 220 

reference gene. The efficiency of each primer set was determined by running reactions with 221 

known dilutions of cDNA at 60°C followed by calculation on the BioRad CFX Manager 222 

software. Primers and efficiencies can be found in Table 1. 223 

Real-time PCR Xbp1 splicing assay was performed as previously described (Hussien et 224 

al., 2015). Primers for Xbp1 splicing assay were forward primer: 5’-A AAC AGA GTA GCA 225 

GCG CAG ACT GC-3’ and reverse primer: 5’- TC CTT CTG GGT AGA CCT CTG GGA G-3’. 226 

Unspliced Xpb1 (uXbp1) product size is 480bp and spliced Xbp1 (sXbp1) product size is 454bp. 227 

Positive and negative controls for assay were from 3T3 cells treated with thapsigargin or 228 

untreated respectively. 229 
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 230 

Table 1. Primer Sequences and PCR Efficiencies 231 

Gene of 
Interest Primers 

PCR 
Efficiency at 

60°C 

Bip Fwd: 5’-ACT CCG GCG TGA GGT AGA AA-3’ 
Rev: 5’-AGA GCG GAA CAG GTC CAT GT-3’ 102.0% 

Atf4 Fwd: 5’-TGG ATG ATG GT TGG CCA GTG-3’ 
Rev: 5’-GAG CTC ATC TGG CAT GGT TTC-3’ 114.0% 

Chop Fwd: 5’-CCA CCA CAC CTG AAA GCA GAA-3’ 
Rev: 5’-AGG TGC CCC CAA TTT CAT CT-3’ 106.8% 

Gadd34 Fwd: 5’-CCC TCC AAC TCT CCT TCT TCA G-3’ 
Rev: 5’-CAG CCT CAG CAT TCC GAC AA-3’ 87.4% 

Mbp Fwd: 5’-GCT CCC TGC CCC AGA AGT-3’ 
Rev: 5’-TGT CAC AAT GTT CTT GAA GAA ATG G-3’ 102.7% 

Plp Fwd: 5’-CAC TTA CAA CTT CGC CGT CCT-3’ 
Rev: 5’-GGG AGT TTC TAT GGG AGC TCA GA-3’ 115.8% 

Mag Fwd: 5’-CTG CTC TGT GGG GCT GAC AG-3’ 
Rev: 5’-AGG TAC AGG CTC TTG GCA ACT G-3’ 109.5% 

Rpl13a Fwd: 5’-TTC TCC TCC AGA GTG GCT GT-3’ 
Rev: 5’-GGC TGA AGC CTA CCA GAA AG-3’ 98.9% 

 232 

Immunohistochemistry and cell counts 233 

Immunohistochemistry and cell counts were performed as previously described (Way et 234 

al., 2015). The following primary antibodies were used: 1:250 MBP (Biolegend, 808402), 1:50 235 

Olig2 (Millipore, AB9610), and 1:50 CC1 (Calbiochem, OP80), 1:100 Sox10 (R&D, AF2864), 236 

1:100 p-eIF2  (Abcam, Cat# AB32157, RRID: AB_732117), 1:500 ATF4 (Aviva, Cat# 237 

ARP37017, RRID: AB_593104), 1:250 CHOP (ThermoFisher, MA1-250, RRID: AB_2292611), 238 

1:100 ATF6 (Cosmo Bio, BAM-73-505, RRID: AB_10709801). Images were acquired on an 239 

Olympus IX81 inverted microscope with a Hamamatsu Orca Flash 4.0 Camera. Images were 240 

acquired from the subcortical white matter at the level of the corpus callosum and cingulum in 241 
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the frontal cortex rostral to the hippocampus and of anatomically similar sections. 242 

Approximately 100 Olig2+ cells were counted per mouse to calculate the percentage of 243 

CC1+/Olig2+ cells. 244 

 245 

Statistics 246 

Data are presented as mean±sem unless otherwise noted. Multiple comparisons were 247 

made using ANOVA with Tukey’s post-test. Comparisons of two data points were made by a 248 

two-sided unpaired t-test. A P value of <0.05 was considered significant and all statistical 249 

analysis was run with GraphPad Prism software. 250 

 251 

Results 252 

Hypoxic activation of the ISR in primary OPCs is PERK dependent 253 

It has been shown in mouse embryonic fibroblasts that in vitro hypoxia activates the ISR 254 

as indicated by increased phosphorylation of eIF2  (Koumenis et al., 2007; Liu et al., 2010). 255 

Nevertheless, it is not known whether in vitro hypoxia increases eIF2α phosphorylation in OPCs. 256 

In addition, the kinase PERK has been shown to be responsible for eIF2  phosphorylation in 257 

response to hypoxia, since Perk knockout mouse embryonic fibroblasts have decreased 258 

phosphorylation of eIF2  in response to hypoxia compared to WT mouse embryonic fibroblasts 259 

(Koumenis et al., 2002; Blais et al., 2006; Liu et al., 2010). To investigate whether in vitro 260 

hypoxia increases phosphorylation of eIF2  and whether PERK plays a role in this activation we 261 

generated WT and Perk KO OPCs. We first confirmed the decrease in PERK protein levels in 262 
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Perk KO OPCs (Fig. 1A) and that Perk KO OPCs were more susceptible to the endoplasmic 263 

reticulum stressor tunicamycin (Fig. 1B-C). We then exposed primary isolated mouse OPCs to 264 

0.1% O2 for 0, 3, and 6hrs. Following hypoxic exposure levels of p-eIF2  were measured. We 265 

found that exposure of WT OPCs to 3 and 6hrs of hypoxia resulted in significantly increased 266 

levels of phosphorylated eIF2  compared to WT OPCs exposed to 0hr hypoxia (Fig 1D-E). 267 

Moreover, when compared to time-matched Perk KO OPCs, we found that WT OPCs had 268 

significantly higher p-eIF2  levels at 3 and 6hrs (Fig. 1D-E). This showed that hypoxia increases 269 

p-eIF2  levels in isolated OPCs and that PERK plays a role in these increased levels of p-eIF2 . 270 

Nevertheless, Perk KO OPCs after 3 and 6hrs of hypoxia still had significantly higher levels of 271 

p-eIF2  compared to control Perk KO OPCs (Fig. 1D-E). This suggests that PERK is not the 272 

sole kinase responsible for phosphorylating eIF2  in response to hypoxia. We also examined 273 

levels of ATF4 protein in WT OPCs exposed to 0.1% O2 and found that there is no significant 274 

difference in ATF4 protein levels (Fig. 1F-G).  275 

To determine whether the diminished capacity of Perk KO OPCs to phosphorylate eIF2  276 

in response to hypoxia results in an enhanced susceptibility to hypoxia we exposed 277 

differentiating WT and Perk KO OPCs to 0.1% oxygen for 48hrs. We found that as previously 278 

reported (Yuen et al., 2014) hypoxia decreased the percentage of MBP-positive (MBP+) mature 279 

oligodendrocytes compared to cells differentiated under normoxic conditions (Fig 1H-I). In 280 

addition, we discovered that Perk KO cells were more vulnerable to in vitro hypoxia and 281 

displayed significantly fewer MBP+ cells compared to WT cells exposed to hypoxia (Fig. 1H-I). 282 

This demonstrates that in WT oligodendrocyte lineage cells, PERK activation provides 283 

protection against hypoxia since the lack of PERK leads to increased loss of MBP+ cells in 284 

hypoxia exposed cultures. 285 
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 286 

MCH causes DWMI in neonatal mice. 287 

Brain injury from chronic hypoxia caused by immature lung development has been 288 

modeled by MCH in neonatal mice (Scafidi et al., 2009). We first examined the brains of MCH 289 

exposed mice to validate that MCH causes DWMI. MCH caused decreased MBP 290 

immunostaining and decreased numbers of mature CC1+ oligodendrocytes in the subcortical 291 

white matter (Fig. 2A-B). Importantly, the total number of oligodendrocyte lineage cells, marked 292 

by oligodendrocyte transcription factor (OLIG-2), was not significantly altered, suggesting that 293 

MCH caused decreased maturation of OPCs into mature CC1+ oligodendrocytes (Fig. 2B). In 294 

addition, MCH led to decreased levels of the mature myelin specific proteins and/or mRNA 295 

myelin-associated glycoprotein (MAG), 2’,3’-Cyclic-nucleotide 3’-phosphodiesterase (CNP), 296 

myelin proteolipid protein (PLP) and myelin basic protein (MBP) (Fig. 2C-E). This confirms that 297 

as previously described, MCH is a valid model of DWMI. 298 

 299 

MCH increases phosphorylation of eIF2  in brain without increasing downstream ISR 300 

components or activating other arms of the UPR.  301 

As shown in vitro, hypoxia increases phosphorylation of eIF2 , which is indicative of 302 

activation of the ISR. To determine whether in vivo MCH activates the ISR in neonatal mouse 303 

brains we collected brain tissue at various durations of MCH exposure. We found that at 4 and 6 304 

days of MCH, levels of p-eIF2  in total brain lysates were significantly higher compared to age-305 

matched room air controls (Fig. 3A-B). Nevertheless, there was no detectable increase in the 306 

percentage of p-eIF2 +/Sox10+ oligodendrocyte lineage cells in sections from pups exposed to 307 
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4d of MCH versus RA controls (Fig 3D-E). Interestingly, the hypoxia-induced increase of p-308 

eIF2  (Figure 3 A-B) was not accompanied by an increase in protein levels of the downstream 309 

ISR transcription factor ATF4. Instead, ATF4 protein levels in total brain at 4 and 6 days of 310 

MCH were significantly decreased compared to age-matched room air controls (Fig. 3A-B). 311 

Consistent with the lack of an oligodendrocyte lineage specific increase in p-eIF2  staining (Fig. 312 

3 D-E) there was no difference in the number of ATF4+/Sox10+ cells in MCH versus control 313 

brains (Fig. F-G). We also saw no evidence of increased expression of the downstream ISR 314 

factors Chop, Gadd34, or Bip (Fig. 3C), and no evidence of increased CHOP+/Sox10+ cells in 315 

MCH brains (Fig 3H-I). Our results suggest that while increased phosphorylation of eIF2  316 

occurs in the brain in response to MCH, this increase does not result in the activation of 317 

downstream aspects of the ISR.  318 

As mentioned, the PERK pathway plays a role in both the ISR and the UPR and 319 

phosphorylation of eIF2a occurs in both stress response pathways. Consequently, when studying 320 

the PERK pathway, it is important to determine whether increased p-eIF2a is occurring with, or 321 

independent of, activation of the other two UPR sensors IRE1 and ATF6. To determine whether 322 

phosphorylation of eIF2  in MCH is occurring in concert with activation of the UPR or 323 

independently as a component of the ISR we measured Xbp1 splicing in brains exposed to either 324 

MCH or RA control. MCH did not induce splicing of Xbp1 at any time point examined 325 

suggesting that the IRE1 arm of the UPR is not activated (Fig. 4A). Moreover, levels of activated 326 

cleaved ATF6 were not significantly affected by MCH (Fig. 4B-C), and no increase in Sox10+ 327 

oligodendrocyte lineage cells with nuclear ATF6 staining was observed (Fig 4D-E). These data 328 

suggest that phosphorylation eIF2a by MCH is not associated with ER stress and activation of 329 

the unfolded protein response.  330 
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 331 

Effects of genetic inhibition of the ISR on MCH-induced DWMI. 332 

We next examined, whether the PERK arm of the ISR protects oligodendrocytes and 333 

myelin from MCH-induced DWMI, similar to what we observed in vitro (Fig 1). To determine 334 

whether oligodendrocyte-specific deletion of Perk exacerbated MCH-induced DWMI, we 335 

crossed Olig2/Cre and PerkFL/FL mice to generate OL-Perk-FL controls and OL-Perk-null mice 336 

that were then exposed to MCH. Olig2/Cre mice express Cre in all cells of the oligodendrocyte 337 

lineage, therefore, Perk is deleted specifically from oligodendrocyte lineage cells generating OL-338 

Perk-null mice.  339 

We first determined that oligodendrocyte-specific deletion of Perk has no effect on 340 

developmental myelination. The expression of myelin-specific proteins MAG and MBP was not 341 

significantly different between untreated OL-Perk-FL and OL-Perk-null mice (Fig. 5A-B).  342 

Moreover, oligodendrocyte lineage cell specific deletion of Perk had no effect on the number of 343 

mature CC1+ oligodendrocytes (Fig 5C-D). This data is consistent with our previous 344 

demonstration that PERK activity is not required for oligodendrocyte development or 345 

myelination (Hussien et al., 2014).  346 

We next found that, compared to OL-Perk-FL mice exposed to MCH, OL-Perk-null mice 347 

exposed to MCH displayed no significant difference in expression levels of myelin-specific 348 

proteins MAG, CNP, and MBP by western blot analysis (Fig. 6A-B), levels of MBP staining on 349 

tissue sections (Fig. 6C), or the percentage of mature oligodendrocytes stained with CC1 (Fig. 350 

6C-D). In addition, oligodendrocyte specific deletion of Perk had no effect on the increased 351 

levels of p-eIF2  caused by MCH (Fig. 6E-F). These data suggest that PERK signaling within 352 
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oligodendrocyte lineage cells does not play a protective role under mild chronic hypoxic stress in 353 

vivo.  354 

In addition to PERK, other eIF2  kinases, including, the eIF2  kinase protein kinase 355 

RNA-activated (PKR; aka Eif2ak2) are activated by cytotoxic stress (Liu et al., 2010; Taniuchi et 356 

al., 2016). Therefore, we measured PKR activation by MCH and found that hypoxia exposure 357 

increased PKR phosphorylation in total brain lysate compared to room air controls (Fig. 6G-H). 358 

These results may explain the lack of effect caused by oligodendrocyte specific excision of 359 

PERK.  360 

 361 

Severe acute hypoxia is an alternative model of hypoxia-induced DWMI in neonatal mice. 362 

In addition to chronic hypoxic insults the premature neonate is also exposed to brief 363 

episodes of severe hypoxia (Martin et al., 2011). Since oligodendrocyte-specific Perk ablation 364 

did not have a measurable effect on MCH-induced DWMI, we examined whether the ISR plays a 365 

role in DWMI caused by severe acute hypoxia. To address this question, we determined whether 366 

SAH leads to DWMI in neonatal mice. Neonatal mice were exposed to 7+/-0.5% O2 for 24hrs 367 

from P3-P4. Similar to the MCH, the SAH model leads to decreased MBP staining in the 368 

subcortical white matter and decreased numbers of mature CC1+ oligodendrocytes with no 369 

change in the number of total OLIG2+ cells (Fig. 6A-B). Moreover, SAH-exposed pups 370 

exhibited decreased levels of the mature myelin proteins and/or mRNA of MAG, CNP, PLP, and 371 

MBP (Fig. 6C-E). These data establish that SAH is a valid model of DWMI in which we could 372 

examine the role of the ISR. 373 

 374 
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Severe acute hypoxia increases phosphorylation of eIF2  in neonatal mouse brains without 375 

increasing downstream ISR components or activating other arms of the UPR. 376 

Having established SAH as a model of DWMI we next examined whether SAH activates 377 

the ISR in the neonatal brain. Similar to MCH, SAH leads to increased phosphorylation of eIF2α 378 

in whole brain lysates from mice exposed to the hypoxic insult (Fig. 8A-B). SAH increased p-379 

eIF2α levels within 12hrs, more rapidly than under conditions of mild hypoxic stress, suggesting 380 

that activation of the ISR is tuned to the severity of hypoxic insult. Phosphorylation of eIF2α 381 

was also transient in SAH, returning to baseline by the end of the 24hr hypoxic exposure. Similar 382 

to MCH, there was no significant increase in the percentage of p-eIF2 +/Sox10+ 383 

oligodendrocyte lineage cells in the subcortical white matter of SAH exposed pups (Fig 8D-E). 384 

Moreover, SAH did not increase levels of downstream ISR components. Like MCH, SAH 385 

caused a decrease in ATF4 protein levels (Fig. 8A-B), which likely explains the subsequent lack 386 

of Chop, Gadd34, and Bip mRNA induction (Fig. 8C). There was also no difference in the 387 

number of ATF4+/Sox10+ or CHOP+/Sox10+ cells in SAH exposed pups compared to controls 388 

(Fig. 8F-I). Together these experiments suggest that the transcriptional response driven by ATF4 389 

does not play a significant role in the response to SAH.   390 

SAH also did not induce splicing of Xbp1 at any time point suggesting that the IRE1 arm 391 

of the UPR is not activated by SAH (Fig. 9A). Moreover, levels of activated cleaved ATF6 were 392 

not significantly affected by any duration of SAH (Fig. 9B-C) and there was no measurable 393 

increase in the number of Sox10+ cells with nuclear ATF6 positivity (Fig 9D-E). These data 394 

again suggest that phosphorylation eIF2a by SAH is not associated with ER stress and activation 395 

of the unfolded protein response.  396 

 397 
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Effects of genetic inhibition of the ISR on SAH-induced DWMI. 398 

We next examined the effect that genetic manipulation of the ISR would have on SAH-399 

induced DWMI. We exposed OL-Perk-null and littermate OL-Perk-FL controls to SAH and 400 

examined myelin protein levels after 7 days of recovery at P11. There was no difference in the 401 

level of myelin-enriched proteins MAG, CNP, and MBP between OL-Perk-null and OL-Perk-FL 402 

pups exposed to SAH (Fig. 10A-B). These results were validated by MBP 403 

immunohistochemistry and cell counts of the percentage of mature CC1+ oligodendrocytes. No 404 

significant difference was found in the percentage of mature CC1+ oligodendrocytes in OL-405 

Perk-null and OL-Perk-FL pups exposed to SAH (Fig. 10C-D). In addition, levels of p-eIF2  406 

were not decreased in total brain lysate from OL-Perk-Null animals (Fig. 10E-F). These results 407 

suggest that similar to MCH induced DWMI the PERK arm of the ISR does not play a 408 

significant role in SAH-induced DWMI. 409 

We also examined whether PKR activation might be responsible for the increase of p-410 

eIF2  levels in SAH exposed brains in the absence of PERK. Similar to our MCH results, we 411 

found that the level of phosphorylated PKR was higher in total brain lysate from SAH exposed 412 

pups compared to controls (Fig. 10G-H).  413 

 414 

Effects of genetic enhancement of the ISR on MCH and SAH-induced DWMI. 415 

 Inhibition of Gadd34 has been shown to protect oligodendrocytes in mouse models of 416 

multiple sclerosis (Lin et al., 2008; Way et al., 2015). Therefore, we examined whether 417 

enhancing the ISR through global Gadd34 deletion protects oligodendrocytes and white matter 418 

from MCH and SAH-induced DWMI. We found that myelin protein levels were significantly 419 
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lower in Gadd34 null mice expose to MCH compared to MCH exposed controls (Fig. 11A-B), 420 

while myelin protein levels were similar between Gadd34 null and control mice exposed to SAH 421 

(Fig. 11D-E). We also discovered that while Gadd34 deletion had no effect on p-eIF2  level in 422 

6d MCH exposed mice (Fig. 11C), Gadd34 deletion increased p-eIF2  in 24hr SAH exposed 423 

mouse brains (Fig. 11F).  In addition to decreased levels of myelin-specific proteins, Gadd34 424 

null mice exposed to MCH exhibited decreased body weight and increased mortality compared 425 

to MCH-exposed Gadd34 WT mice. Gadd34 WT mice exposed to MCH weighed 7.8±0.3 grams 426 

compared to 5.0±0.3 grams for Gadd34 null mice exposed to MCH, and while 85% of Gadd34 427 

WT mice survived MCH exposure, only 31% of Gadd34 null mice survived. This data raises the 428 

possibility that the exacerbated effects of MCH on Gadd34 null mice are systemic and not CNS-429 

specific. 430 

 CHOP is known to play a pro-apoptotic role in response to sustained activation of the 431 

ISR (Zinszner et al., 1998) and global Chop deletion protects myelinating Schwann cells in 432 

mouse models of Charcot-Marie Tooth (Pennuto et al., 2008). Nevertheless, the role of CHOP in 433 

myelinating glia is controversial and there is evidence to suggest that CHOP expression can be 434 

protective in oligodendrocytes (Southwood et al., 2002; Gow and Wrabetz, 2009). To examine 435 

whether CHOP plays a role in either MCH or SAH-induced DWMI we exposed Chop null and 436 

control mice to MCH and SAH.  We found that Chop deletion had no effect on decreased myelin 437 

protein levels caused by either MCH or SAH (Fig. 11G-J). These results are in agreement with 438 

our findings that Chop is not upregulated by either in vivo model.  439 

 440 

Discussion 441 
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The PERK arm of the ISR responds to and protects cells from hypoxia, the main cause of 442 

DWMI in premature infants (Liu et al., 2010; Scafidi et al., 2014). PERK is also known to play a 443 

protective role in other white matter disorders (Clayton and Popko, 2016; Way and Popko, 444 

2016). This has led to an interest into whether the ISR might play a role in DWMI and whether 445 

this cytoprotective pathway could be a therapeutic target for this disorder (Bueter et al., 2009). In 446 

the current study we demonstrate that hypoxia increases phosphorylation of eIF2  in isolated 447 

OPCs in vitro and that this is diminished in Perk KO OPCs leading to increased susceptibility to 448 

in vitro hypoxia. Moreover, we show that both MCH and SAH increase levels of p-eIF2  in the 449 

brain of neonatal mice, without activation of downstream ISR components or the other arms of 450 

the UPR. In fact, there were decreased protein levels of the ISR transcription factor ATF4 in the 451 

CNS in response to MCH and SAH. Finally, we demonstrate that oligodendrocyte-specific 452 

deletion of Perk had no detectable effect on MCH or SAH-induced DWMI. It is possible that 453 

loss of PERK is compensated for by activation of other hypoxia responsive eIF2  kinases 454 

(Taniuchi et al., 2016). In fact, we detected increased levels of phosphorylated PKR in brains 455 

exposed to either MCH or SAH.  Together, these studies show that although PERK plays a role 456 

in oligodendrocyte lineage cells exposed to in vitro hypoxia, PERK signaling within 457 

oligodendrocytes does not likely play a crucial role in either in vivo model of DWMI.  458 

PERK-mediated increased phosphorylation of eIF2  in response to hypoxia occurs in cell 459 

lines in vitro (Koumenis et al., 2002). We have demonstrated that in primary isolated OPCs, in 460 

vitro hypoxia also increases phosphorylation of eIF2  in a mostly PERK-dependent manner. 461 

Nonetheless, some increase in phosphorylation of eIF2  was still seen in Perk KO OPCs 462 

exposed to in vitro hypoxia. This may be due to overlap between the stress-sensing eIF2  463 

kinases. For example, GCN2 has also been shown to respond to in vitro hypoxia (Liu et al., 464 
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2010; Donnelly et al., 2013). Regardless of the potential activation of other eIF2  kinases, Perk 465 

KO OPCs still showed a significantly increased susceptibility to in vitro hypoxia, demonstrating 466 

that PERK activity is critical for OPC survival in the face of hypoxia. 467 

In an inflammatory context where PERK activation is shown to increase p-eIF2  levels, 468 

it has also been shown that oligodendrocyte-specific PERK insufficiency increases the 469 

susceptibility of these cells to inflammation (Lin et al., 2007, 2013, 2014; Hussien et al., 2014).  470 

Nonetheless, we found that although in vivo MCH increased eIF2  phosphorylation in neonatal 471 

mouse brains, oligodendrocyte-specific deletion of Perk did not have a detectable effect on 472 

MCH-induced DWMI. The disparate results generated by in vitro and in vivo hypoxia could be 473 

due to the severity of the hypoxic stress. Although we were unable to directly measure the 474 

percentage of oxygen available to oligodendrocyte lineage cells during MCH in vivo, it is 475 

unlikely to reach the level of oxygen deficiency experienced by oligodendrocyte lineage cells in 476 

vitro. In vitro hypoxia allows for a much more severe level of hypoxia without the confounding 477 

factor of the systemic effects of hypoxia on survival in vivo. To address this, we developed the 478 

SAH model of DWMI where we exposed pups to 7+/-0.5% oxygen for 24hrs. The 7% oxygen 479 

set point was used as it was the lowest percentage of oxygen tolerated by the lactating females 480 

over a 24hr period. Even with the increased severity of hypoxia, oligodendrocyte-specific 481 

deletion of Perk had no effect on the DWMI caused by SAH. While our studies were performed 482 

in neonatal mice, it is possible that in the adult mouse the ISR may play a more significant role in 483 

response to hypoxic insult. Taken together, these results suggest that PERK signaling specifically 484 

within the oligodendrocyte lineage does not play a pivotal role in neonatal hypoxia-induced 485 

DWMI. 486 
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It is interesting that while both MCH and SAH leads to a transient increase in p-eIF2  in 487 

whole brain lysate, neither hypoxic insult causes induction of a full ISR response. We discovered 488 

that the lack of activation of downstream ISR signaling was correlated with hypoxia-driven 489 

decreased ATF4 protein levels in whole brain. The decrease in ATF4 protein levels corresponded 490 

to the duration of hypoxia in which p-eIF2  levels were increased. Activation of a truncated ISR 491 

is not unprecedented: cells exposed to UV-irradiation have been shown to phosphorylate eIF2α 492 

without increasing levels of downstream ISR components (Dey et al., 2010, 2012). It is possible 493 

that while the survival response to hypoxia requires phosphorylation of eIF2  and energy 494 

conservation via decreased protein translation, an adaptive transcriptional response driven by 495 

ATF4 is expendable. 496 

The major transcriptional regulator in response to hypoxia is hypoxia-inducible factor 1-497 

alpha (HIF1α), which is stabilized under hypoxic conditions and induces expression of genes 498 

with hypoxic response elements like vascular endothelial growth factor (VEGF) (Sharp and 499 

Bernaudin, 2004). It is possible that under hypoxic conditions ATF4 is expendable due to an 500 

overlap with HIF1α targets. In fact, it has been shown that the ISR increases expression of the 501 

HIF1α target gene Vegf (Ghosh et al., 2010). In addition, genetic removal of Hif1α increases 502 

baseline expression of ATF4 suggesting that HIF1α is a negative regulator of ATF4 expression 503 

(Guimarães-Camboa et al., 2015). Therefore, the truncated activation of the ISR by hypoxia may 504 

be the result of ATF4 inhibition by HIF1α.   505 

Our results also show that phosphorylation of eIF2  in response to hypoxia is transient. It 506 

has been shown that translational inhibition in response to hypoxia exhibits a biphasic response 507 

with the initial inhibition of protein translation caused by phosphorylation of eIF2  (Wouters et 508 
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al., 2005; van den Beucken et al., 2006). Perhaps the transient nature of hypoxia-induced eIF2  509 

phosphorylation is due to activation of the negative feedback loop culminating in 510 

dephosphorylation of eIF2 . Our data supports this possibility in that Gadd34 null mice have 511 

higher levels of p-eIF2  at 24hrs of SAH than controls. The lack of an apparent effect of the 512 

Gadd34 mutation on MCH induced p-eIF2  levels is potentially due to the possibility that we did 513 

not assess an appropriate time-point.  514 

Inhibition of GADD34 is known to be protective in mouse models of multiple sclerosis 515 

and Chop deletion protects myelinating Schwann cells in mouse models of Charcot-Marie Tooth 516 

(Pennuto et al., 2008; Way et al., 2015). We found that in agreement with the lack of increased 517 

Chop expression, Chop deletion had no detectable effect on DWMI, while the effect of global 518 

Gadd34 deletion was dependent on the hypoxic insult. GADD34 acts as a regulatory subunit for 519 

protein phosphatase 1 and is responsible for dephosphorylation of eIF2α. Therefore, inhibition of 520 

GADD34 enhances the ISR by prolonging phosphorylation of eIF2α (Novoa et al., 2001). 521 

Multiple genetic and pharmacological approaches have shown that Gadd34 inhibition is 522 

protective in disorders of myelinating glia, including oligodendrocytes (Lin et al., 2008; Antonio 523 

et al., 2013; Way et al., 2015). Utilizing a global Gadd34 null mutant, we found that GADD34 524 

inactivation is detrimental in the case of MCH. Gadd34 null mice exposed to MCH had 525 

decreased levels of myelin proteins, decreased total body weight, and increased mortality 526 

compared to Gadd34 WT mice exposed to MCH. Surprisingly, Gadd34 null mice exposed to 527 

SAH showed no measurable difference when compared to Gadd34 WT mice exposed to SAH. 528 

This suggests that the combined effects of global Gadd34 deletion and a chronic hypoxic stress 529 

is detrimental, perhaps due to an impaired ability to adapt to the hypoxic environment. In support 530 

of this possibility Gadd34 mutant mice were shown to have impaired hemoglobin production 531 
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(Patterson et al., 2006). Impaired hemoglobin synthesis could explain the increased susceptibility 532 

of the Gadd34 null mice to hypoxia. Preliminary data from our lab supports this possibility: we 533 

have found that when exposed to MCH Gadd34 null mice have a decreased hematopoietic 534 

response characterized by decreased hemoglobin and red blood cell production when compared 535 

to Gadd34 WT mice exposed to MCH (data not shown). 536 

In summary, we have investigated the role of the ISR, a protective pathway that responds 537 

to a variety of cytotoxic insults, in both in vitro and in vivo hypoxia induced models of DWMI. 538 

We found that while PERK is critical to protect oligodendrocyte lineage cells from hypoxia in 539 

vitro it’s removal had no measurable effect on hypoxia induced DWMI in vivo. Moreover, the 540 

enhancement of the ISR via GADD34 or CHOP inactivation did not provide increased protection 541 

in models of DWMI.  These results suggest that targeting the PERK arm of the ISR would not 542 

likely be an effective strategy for DWMI therapy. 543 

 544 

  545 
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Table 1. Primer Sequences and PCR Efficiencies 694 

List of primers used for quantitative real-time PCR analysis. Efficiency was determined by 695 

running standard dilutions at 60ºC and calculated on BioRad CFX Manager Software. 696 

 697 

Figure 1. PERK signaling protects oligodendrocytes from hypoxia in vitro. (a) 698 

Representative blot and quantification of PERK protein levels in WT and Perk KO OPCs. 699 

Quantification represents four individual OPC isolations with *P<0.05 by unpaired two-tailed t-700 

test. (b) Representative images of WT and Perk KO OPCs exposed to 500ng/ml of the ER 701 

stressor tunicamycin for 24hrs and stained with fluorescein diacetate (green) and propidium 702 

iodide (red) to label living and dead cells respectively. (c) Quantification of the percent survival 703 

of WT and Perk KO OPCs exposed to 500ng/ml tunicamycin for 24hrs with *P<0.05 by 704 

unpaired two-tailed t-test. (d) Representative p-eIF2α and eIF2α blots of WT and Perk KO 705 

OPCs exposed to 0, 3, and 6hrs of 0.1% O2. (e) Quantification of p-eIF2α and eIF2α blots, data 706 

presented as ratio of p-eIF2α/eIF2α normalized to genotype matched 0hr 0.1% O2 control. Data 707 

represents three individual OPC isolations each with 3 replicates. ***P<0.005 and 708 

****P<0.0001 versus time-matched WT controls by paired t-test. † *P<0.05 versus 0hr Perk KO 709 

control by ANOVA. (f) Representative images of ATF4 blots of WT OPCs exposed to 0.1% O2 710 

for 0, 3, and 6hrs. (g) Quantification of ATF4 proteins levels in 0.1% O2 exposed WT OPCs. (h) 711 

Representative images of WT and Perk KO OPCs differentiated for 48hrs under normoxia 712 

(NORM) or 0.1% O2 and stained for the mature oligodendrocyte marker MBP (green) and the 713 

pan-oligodendrocyte lineage cell marker Olig2 (red). (i) Quantification of the percent MBP+ 714 

cells in WT and Perk KO cultures exposed to 0.1% O2 and NORM. Data represents four repeat 715 
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experiments with **P<0.01 by ANOVA with Tukey’s post-test. All data presented as mean+/-716 

sem and all scale bars are 50 m. 717 

 718 

Figure 2. Mild chronic hypoxia causes diffuse white matter injury. (a) Top panels are 719 

representative images of MBP (green) stained subcortical white matter (SCWM) from P18 mice 720 

exposed to mild chronic hypoxia (MCH) or room-air control (RA). Bottom panels are 721 

representative images of mature CC1+ (green) oligodendrocytes and Olig2+ (red) 722 

oligodendrocyte lineage cells from P18 mice exposed to MCH or RA. (b) Quantification of the 723 

percent of Olig2+ oligodendrocyte lineage cells that are CC1+ mature oligodendrocytes and 724 

density of Olig2+ oligodendrocyte lineage cells in P18 MCH and RA exposed mice. Data 725 

represents N≥3 mice per group with *P<0.05 by unpaired two-tailed t-test. (c) Analysis of 726 

myelin-enriched mRNA Mag, Plp, and Mbp in P11 mice exposed to MCH or RA. Data 727 

represents N 3 with ***P<0.005 and ****P<0.0001 (d) Representative blots of myelin-enriched 728 

proteins MAG, CNP, and MBP from P18 mice exposed to MCH or RA. (e) Quantification of 729 

MAG, CNP, and MBP protein levels from P18 mice exposed to MCH or RA. Data represents 730 

N≥3 mice per group with **P<0.01, ***P<0.005, and ****P<0.0001 by unpaired two-tailed t-731 

test. All data presented as mean+/-sem and scale bar equals 50μm. 732 

 733 

Figure 3. Mild chronic hypoxia increases phosphorylation of eIF2α in the brain, but 734 

decreases ATF4 protein levels and does not induce downstream ISR components CHOP 735 

and GADD34. (a) Representative p-eIF2α, eIF2α, and ATF4 blots from mice exposed to either 736 

1, 2, 4, 6, or 8d of mild chronic hypoxia (MCH) or room air control (RA). (b) Quantification of 737 
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p-eIF2α, eIF2α, and ATF4 protein levels. Data presented as p-eIF2α/eIF2α ratio normalized to 738 

time-matched RA-exposed control mice. (c) Expression of Chop, Gadd34, and Bip mRNA levels 739 

normalized to time-matched RA-exposed controls. (d) Representative image of P7 mouse brain 740 

exposed to 4d MCH and RA stained with Sox10, a pan oligodendrocyte lineage cell marker, and 741 

p-eIF2 . Scale bar is 100 m. (e) Quantification of Sox10+ cells that are p-eIF2 +. (f) 742 

Representative images of P7 mouse brain exposed to 4d MCH and RA stained for Sox10 and 743 

ATF4. Scale bar is 50 m. (g) Quantification of Sox10+ cells that are p-eIF2 +. (h) 744 

Representative images of Sox10 and CHOP staining from P7 mouse brain exposed to 4d of 745 

MCH and RA. Scale bar is 50 m. (i) Quantification of Sox10+ cells that are CHOP+. All data 746 

presented as mean±sem for N 3 mice per group with *P<0.05 compared to time-matched control 747 

(red dashed line) by unpaired two-tailed t-test. 748 

 749 

Figure 4. Mild chronic hypoxia does not activate the IRE-1 or ATF6 arms of the unfolded 750 

protein response. 751 

(a) Representative Xbp1 PCR gel image of mice exposed to MCH or RA. Unspliced Xbp1 752 

product size 480bp and spliced Xbp1 product size 454bp. Line represents where images from 753 

different gels have been cropped and spliced together.  (b) Representative ATF6 blots from mice 754 

exposed to 1, 2, 4, 6, or 8d of MCH or RA. (c) Quantification of ATF6 protein levels normalized 755 

to time-matched RA-exposed controls. (d) Representative images from P7 mice exposed to MCH 756 

for 4d and stained with ATF6 versus the oligodendrocyte lineage marker Sox10. (e) 757 

Quantification of the percentage of Sox10+ cells that are nuclear ATF6 positive. All data 758 

presented as mean±sem for N≥3 mice per group, scale bar is 50 m.. 759 
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 760 

Figure 5. Excision of Perk from oligodendrocyte lineage cells has no effect on 761 

developmental myelination. (a) Representative MAG and MBP blots from untreated P11 OL-762 

Perk-FL and OL-Perk-null mice. (b) Quantification of MAG and MBP protein levels. Data 763 

presented as mean±sem for N 3 mice per group. (c) Representative images of subcortical white 764 

matter from untreated P11 OL-Perk-FL and OL-Perk-null mice stained for OLIG2 (red) and 765 

CC1 (green). (d) Quantification of the percent CC1+/OLIG2+ cells and OLIG2+ cell density. 766 

Data presented as mean+/-sem for N=3 per group and scale bar equals 50 m. 767 

 768 

Figure 6. Oligodendrocyte-specific deletion of Perk has no effect on mild chronic hypoxia-769 

induced diffuse white matter injury. (a) Representative blots of myelin-enriched proteins 770 

MAG, CNP, and MBP from P18 OL-Perk-FL and OL-Perk-Null mice exposed to mild chronic 771 

hypoxia (MCH) and room-air control (RA). (b) Quantification of MAG, CNP, and MBP protein 772 

levels from P18 OL-Perk-FL and OL-Perk-Null mice exposed to MCH and RA. Data represents 773 

N≥3 mice per group with **P<0.01, ***P<0.005, and ****P<0.0001 by ANOVA with Tukey’s 774 

post-test. (c) Representative images of subcortical white matter (SCWM) from P18 OL-Perk-FL 775 

and OL-Perk-Null mice exposed to MCH and RA and stained with MBP (green, top panels) or 776 

CC1 (green, bottom panels) and Olig2 (red, bottom panels). (d) Quantification of the percent of 777 

Olig2+ oligodendrocyte lineage cells that are CC1+ mature oligodendrocytes and density of 778 

Olig2+ oligodendrocyte lineage cells in P18 OL-Perk-FL and OL-Perk-Null mice exposed to 779 

MCH and RA. (e) Representative blots of p-eIF2  and eIF2  blots from P7 OL-Perk-FL RA, 780 

OL-Perk-FL MCH, and OL-Perk-Null MCH exposed mice. (f) Quantification of p-eIF2  and 781 
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eIF2  blots. (g) Representative blots of phosphorylated PKR (pPKR) and PKR from wild-type 782 

mice exposed to 1, 2, 4, 6, or 8d of MCH or RA. (h) Quantification of pPKR and PKR blots. 783 

Data represents N≥3 mice per group with **P<0.01 and *P<0.05 by ANOVA with Tukey’s post-784 

test and scale bars equals 50μm. 785 

 786 

Figure 7. Severe acute hypoxia is an alternative model of diffuse white matter injury. (a) 787 

Top panels are representative images of MBP-(green) stained subcortical white matter (SCWM) 788 

from P11 mice exposed to severe acute hypoxia (SAH) or room-air control (RA). (a) Bottom 789 

panels are representative images of mature CC1+ (green) oligodendrocytes and Olig2+ (red) 790 

oligodendrocyte lineage cells from P11 mice exposed to SAH or RA. (b) Quantification of the 791 

percent of Olig2+ oligodendrocyte lineage cells that are CC1+ mature oligodendrocytes and 792 

density of Olig2+ oligodendrocyte lineage cells in P11 SAH and RA-exposed mice. Data 793 

represents N≥3 mice per group with *P<0.05 by unpaired two-tailed t-test. (c) Analysis of 794 

myelin-enriched mRNA Mag, Plp, and Mbp in P4 mice exposed to SAH or RA. Data represents 795 

N 3 with *P<0.05. (d) Representative blots of myelin enriched proteins MAG, CNP, and MBP 796 

from P11 mice exposed to SAH or RA. (e) Quantification of MAG, CNP, and MBP protein 797 

levels from P11 mice exposed to SAH or RA. Data represents N≥3 mice per group with 798 

**P<0.01 and ****P<0.0001 by unpaired two-tailed t-test. All data presented as mean+/-sem and 799 

scale bars equals 50μm. 800 

 801 

Figure 8. Severe acute hypoxia increases phosphorylation of eIF2α in the brain, but 802 

decreases ATF4 protein levels and does not induce downstream ISR components CHOP or 803 
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GADD34. (a) Representative p-eIF2α, eIF2α, and ATF4 blots from mice exposed to either 12 or 804 

24hr of severe acute hypoxia (SAH) or room-air (RA) control. (b) Quantification of p-eIF2α, 805 

eIF2α, and ATF4 protein levels. Data presented as p-eIF2α/eIF2α ratio normalized to time-806 

matched RA-exposed control mice. (c) Expression of Chop, Gadd34, and Bip mRNA levels 807 

normalized to time-matched RA-exposed controls. (d) Representative image of SAH and RA 808 

exposed brains stained with Sox10, a pan oligodendrocyte lineage cell marker, and p-eIF2 . 809 

Scale bar is 100 m. (e) Quantification of Sox10+ cells that are p-eIF2 +. (f) Representative 810 

images of Sox10 and ATF4 staining. Scale bar is 50 m. (g) Quantification of Sox10+ cells that 811 

are p-eIF2 +. (h) Representative images of Sox10 and CHOP staining. Scale bar is 50 m. (i) 812 

Quantification of Sox10+ cells that are CHOP+. All data presented as mean±sem for N 3 mice 813 

per group with *P<0.05 compared to time-matched control (red dashed line) by unpaired two-814 

tailed t-test.  815 

 816 

Figure 9. Mild chronic hypoxia does not activate the IRE-1 or ATF6 arms of the unfolded 817 

protein response. 818 

(a) Representative Xbp1 PCR gel image of mice exposed to SAH or RA. Unspliced Xbp1 product 819 

size 480bp and spliced Xbp1 product size 454bp. Line represents where images from different 820 

gels have been cropped and spliced together. (b) Representative ATF6 blots from mice exposed 821 

to either 12 or 24hr of SAH or RA. (c) Quantification of ATF6 protein levels normalized to time-822 

matched RA-exposed controls. (d) Representative images from mouse subcortical white matter 823 

stained with ATF6 versus the oligodendrocyte lineage marker Sox10. (e) Quantification of the 824 
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percentage of Sox10+ cells that are nuclear ATF6 positive. All data presented as mean±sem for 825 

N≥3 mice per group, scale bar is 50 m.  826 

 827 

Figure 10. Oligodendrocyte-specific deletion of Perk has no effect on severe acute hypoxia-828 

induced diffuse white matter injury. (a) Representative blots of MAG, CNP, and MBP from 829 

P11 OL-Perk-FL and OL-Perk-Null mice exposed to severe acute hypoxia (SAH) and room-air 830 

control (RA). (b) Quantification of MAG, CNP, and MBP protein levels from P11 OL-Perk-FL 831 

and OL-Perk-Null mice exposed to SAH and RA. Data represents N≥3 mice per group with 832 

**P<0.01, ***P<0.005, and ****P<0.0001 by ANOVA with Tukey’s post-test. (c) 833 

Representative images of subcortical white matter (SCWM) from P11 OL-Perk-FL and OL-834 

Perk-Null mice exposed to SAH and RA and stained with MBP (green, top panels) or CC1 835 

(green, bottom panels) and Olig2 (red, bottom panels). (d) Quantification of the percent of 836 

Olig2+ oligodendrocyte lineage cells that are CC1+ mature oligodendrocytes and density of 837 

Olig2+ oligodendrocyte lineage cells in P11 OL-Perk-FL and OL-Perk-Null mice exposed to 838 

SAH and RA. (e) Representative blots of p-eIF2  and eIF2  from OL-Perk-FL RA, OL-Perk-FL 839 

MCH, and OL-Perk-Null mice exposed to 12hrs of SAH. (f) Quantification of p-eIF2  and 840 

eIF2  blots. (g) Representative blots of phosphorylated PKR (pPKR) and PKR from wild-type 841 

mice exposed to 1, 2, 4, 6, or 8d of MCH or RA. (h) Quantification of pPKR and PKR blots. 842 

Data represents N≥3 mice per group with **P<0.01 and *P<0.05 by ANOVA with Tukey’s post-843 

test and scale bars equal 50μm.  844 

 845 
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Figure 11. Genetic deletion of Gadd34 or Chop does not protect mice from diffuse white 846 

matter injury caused by mild chronic hypoxia or severe acute hypoxia. (a) Representative 847 

blots of myelin proteins MAG, CNP, and MBP from P18 Gadd34 null and Gadd34 WT mice 848 

exposed to mild chronic hypoxia (MCH) or room-air (RA). (b) Quantification of MAG, CNP, 849 

and MBP protein levels from P18 Gadd34 null and Gadd34 WT mice exposed to MCH or RA. 850 

Data represents N 3 mice per group with **P<0.01, ***P<0.005, and ****P<0.0001 by 851 

ANOVA with Tukey’s post-test. (c) Representative blots and corresponding quantification of p-852 

eIF2  and eIF2  protein in Gadd34 WT and Gadd34 null mice exposed to 6d MCH. (d) 853 

Representative blots of myelin proteins from P11 Gadd34 null and Gadd34 WT mice exposed to 854 

SAHH or RA. (e) Quantification of myelin protein levels from P11 Gadd34 null and Gadd34 855 

WT mice exposed to SAH or RA. (f) Representative blots and corresponding quantification of p-856 

eIF2  and eIF2  protein in Gadd34 WT and Gadd34 null mice exposed to 24hrs SAH. (g) 857 

Representative blots of myelin proteins MAG and MBP from P18 Chop null and Chop WT mice 858 

exposed to MCH or RA. (h) Quantification of myelin protein levels from P18 Chop null and 859 

Chop WT mice exposed to MCH or RA. (i) Representative blots of myelin proteins from P11 860 

Chop null and Chop WT mice exposed to SAH or RA. (j) Quantification of myelin protein levels 861 

from P11 Chop null and Chop WT mice exposed to SAH or RA. Data represents N 3 mice per 862 

group with **P<0.01, and ***P<0.005 by ANOVA with Tukey’s post-test. 863 


