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Abstract

:

We asked whether hyperoxia might induce hypomyelination of the corpus callosum, clinically described as periventricular leukomalacia (PVL) of the severely preterm infant. Mouse pups and their nursing dams were placed in 80% oxygen from P4-P8, then removed to room air until P11. Corpus callosal sections were probed myelin immunofluorescence, tested for myelin basic protein concentration by Western blot, and both glial fibrillary acidic protein levels and apoptosis quantified. Density of corpus callosal capillaries were measured after lectin staining and hypoxia measured by Hypoxyprobe. Numbers of oligodendrocytes were quantified by immunohistochemistry. We next used hypoxiamimesis as a surrogate to hypoxia by comparing cerebral hypoxia inducible factor (HIF) stabilization to hepatic HIF stabilization. Hyperoxia induced hypomyelination and a reduction of corpus callosal capillaries. Hyperoxia decreased numbers of oligodendrocytes with an increase in corpus callosal fibrosis and apoptosis. Cerebral hypoxiamimesis induced hypomyelination whereas hepatic hypoxiamimesis alone increased myelination, oligodendrocyte numbers, and corpus callosal capillary density. Hepatic HIF-1 dependence on myelination was confirmed using the cre/lox hepatic HIF-1 knockout. These findings suggest that hyperoxia can induce hypomyelination through vasoobliteration and subsequent ischemia, adding a potential oxygen induced mechanism to the diverse causes of periventricular leukomalacia of the severely preterm infant. Targeting hepatic HIF-1 alone led to increased myelination.
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1. Introduction


Premature birth, a major contributor to infant mortality worldwide, is associated with complications affecting a wide range of organ systems that have lifelong consequences for the health and development of premature infants [1]. These pathologies are increasing in incidence as more children are successfully resuscitated at lower birth weight and gestational age [2]. In particular, infants with very low birth weight (VLBW, complete list of abbreviations Table S1) or very preterm infants born before 32 weeks of gestation are at greater risk of developing diseases of prematurity, including periventricular leukomalacia (PVL) or brain white matter (WM) injury, retinopathy of prematurity (ROP), and bronchopulmonary dysplasia (BPD) [2].



PVL develops in up to 20% of VLBW infants and is associated with long-term cognitive and behavioral deficits in 25–50% of cases and with major motor deficits (e.g., cerebral palsy) in 10–15% of cases [3]. In addition, diffuse white matter injury is now more common than PVL [4,5]. PVL is characterized by deep WM necrotic lesions near the lateral ventricles and diffuse loss of pre-myelinating oligodendrocytes within the cerebral WM. The upstream triggers most commonly implicated in the pathogenesis of PVL are hypoxia/ischemia and intrauterine inflammation, although the exact mechanism by which these etiologies lead to WM injury have not yet been elucidated [6,7]. Animal models of PVL caused by exposure to global hypoxia and/or ischemia results in widespread white-matter injury and infarction, but do not recapitulate the periventricular focal lesions characteristic of the disease [8,9]. However, it should be emphasized that there are multiple phenotypes of abnormal myelination of the severely premature which perhaps suggest that different mechanisms shape these phenotypes [7].



Another proposed etiology of PVL is hyperoxia exposure from oxygen supplementation, which is required to prevent mortality in severely premature infants but simultaneously results in injury to still developing, premature tissues. In the case of ROP, a leading cause of childhood blindness worldwide, hyperoxia causes retinovascular growth attenuation through downregulation of hypoxia-inducible factor (HIF), a transcription factor that induces coordinated growth of blood vessels [10,11,12,13,14]. A decrease of supplemental oxygen as the infant matures after phase 1 retinal growth attenuation and vasoobliteration subsequently results in ischemia-driven pathologic neovascularization and retinal detachment [15,16]. The presence of excess oxygen in phase 1 causes the HIF prolyl hydroxylase domain protein (HIF PHD) to catalyze trans-4-prolyl hydroxylation of the alpha subunit of the HIF heterodimer at Pro-402 or Pro-564 within the C-terminal oxygen dependent degradation domain; the hydroxylated state makes it a substrate of the von Hippel Lindau protein (VHL), an E3 ubiquitin ligase, which polyubiquinates HIFα as a signal for proteasomal degradation [17,18,19,20,21,22]. Downregulation of HIF results in halted downstream angiogenic pathways, reduction of vascular endothelial growth factor (VEGF) and subsequent oxygen-induced retinovascular growth suppression and vascular obliteration [10,23]. Inhibition of HIF PHD during hyperoxia exposure with inhibitory analogues of α-ketoglutarate cofactor to HIF PHD, such as dimethyloxalylglycine (DMOG) or Roxadustat (FG-4592), prevents catabolism of HIF and was previously shown to induce protection against both oxygen-induced retinopathy (OIR) and BPD [24,25]. DMOG confers remote protection by targeting hepatic HIF-1 whereas Roxadustat promotes synergistic protection by targeting both the liver and the retina [25,26].



Given that ROP and PVL both affect infants within a critical gestational period and that the retina is a specialized extension of the central nervous system, we hypothesize that perhaps one of the many etiologies of PVL might parallel that of ROP, which is known to be caused by oxygen supplementation. Vascular imaging in human PVL infants reveals a pattern of deep WM vessel dropout similar to the vascular loss in ROP [27]. Immature, VEGF-dependent cerebral vessels are specifically susceptible to pathologic insult, and VEGF blockade within a specific gestational window leads to immature vessel regression and a PVL-like phenotype with focal lesions [28]. Additionally, HIF-mediated oxygen sensitivity within oligodendrocyte precursor cells (OPCs) has been shown to play a critical role in coordinating postnatal WM vascular development and myelination in the developing brain. HIF stabilization within oligodendrocytes maintains their precursor form and inhibits myelination, which can occur only after oligodendrocytes reach maturity [29]. Therefore, either hypoxic preconditioning through biphasic oxygen parameters or pharmacologic preconditioning through early HIF stabilization as a strategy to ameliorate oxygen induced pathologies of the severely preterm infant requires the determination of how systemic HIF stabilization, shown beneficial to preventing ROP and BPD, affects CNS myelination. In murine models, hyperoxia has been shown to cause WM injury and disrupt the maturation of OPCs, but little is reported on the effects of hyperoxia on WM vasculature within a model of oxygen-induced brain injury [30,31].



In this study, we develop a model of hyperoxia-induced brain injury and demonstrate that hyperoxia exposure results in loss of cerebral WM vessels and subsequent proximal ischemia. Our findings further suggest that both the timing and location of HIF stabilization plays a role in the pathogenesis and protection against PVL through preservation of capillaries within the WM to promote downstream myelination by reducing oxygen induced.




2. Materials and Methods


2.1. Animals


The Cleveland Clinic Institutional Animal Care and Use Committee (protocol no. 2019-2183) approved protocols for live mice. Wild-type C57BL/6J mice (stock 664), Gt(ROSA)26SorTM1(Luc)Kael (Luc-ODD) transgenic mice (stock 6206) expressing HIF-1α oxygen-dependent degradation domain fused to luciferase were purchased from Jackson Laboratory, Bar harbor, ME, USA. The conditional liver HIF-1α KO mouse was created at Jackson Laboratory by crossing a HIF-1α2lox/2lox mouse (stock 7561) with an Albumin-Cre mouse (stock 3574) and has been previously validated [26].




2.2. Oxygen-Induced Brain Injury Model


Two litters of pups born on the same day were cross-fostered starting on postnatal day 1 (P1). Half of the pups from both litters were placed with a lactating mother into 80% oxygen from P4 to P8, while the other half remained in room air with the second lactating mother. A Plexiglas incubator with an oxygen sensor and feedback system (ProOx, Biospherix, Parish, NY, USA) was used to ensure continuous hyperoxia. The mothers were switched every 24 h until P8 to minimize oxygen-induced acute lung injury. Half of the mouse pups were sacrificed (a described below) at P8, immediately after removal from the 80% oxygen chamber, and the other half at P11. Brains and retinas were dissected out for immunohistochemistry and Western blot analysis. The hyperoxia pups appeared normal and did not suffer weight loss (control: P8, 3.93 ± 0.122 g; P11, 5.10 ± 0.11 g; hyperoxia: P8, 3.76 ± 0.16 g; P11, 4.88 ± 0.24 g, n  ≥  6) during or after the hyperoxia exposure. Hyperoxia protocol was performed with C57BL/6 as well as Luc-ODD and liver HIF-1α KO mice pups.




2.3. Injection Protocol with Prolyl Hydroxylase Inhibitors


Stock concentrations of 20 mg/mL DMOG (Frontier Scientific, Logan, UT, USA) were made by dissolving compound in sterile phosphate-buffered saline (PBS). These solutions were filter sterilized and stored in aliquots at −80 °C. 50 mg/mL stock concentrations of Roxadustat (FG-4592, AdooQ Bioscience, Irvine, CA, USA) were made by dissolving compound in dimethyl sulfoxide, then further diluted in sterile PBS to 1 mg/mL and stored aliquoted at −80 °C. All HIF prolyl hydroxylase inhibitors were injected intraperitoneal (IP) using a 31-gauge needle at a dose of 200 mg/kg for DMOG and 10 mg/kg for Roxadustat.



Injection intervals were adapted from the protocol used for the OIR model, and involved three IP injections of either DMOG or Roxadustat at P3, P5, and P7 in the oxygen-induced brain injury model reported above. Equivalent volume of PBS was injected in control mice.




2.4. Brain Immunohistochemistry


Mice were anesthetized with isoflurane (Piramal Critical Care, Bethlehem, PA, USA) and transcardial perfused with cold PBS and fresh 4% paraformaldehyde (PFA) at P8 and P11. Brains were dissected out and post-fixed with 4% PFA overnight at 4 °C, and cryopreserved in a 30% sucrose, 0.05% sodium azide solution at 4 °C for 48 h. Tissues were then embedded in tissue freezing medium (Tissue-Tek O.C.T. Embedding Compound, Electron Microscopy Sciences, Hatfield, PA, USA) and serially cut into coronal sections (30 µm) by a Leica CM1950 Cryostat (Leica Biosystems). Free floating tissue sections were washed with PBS to remove O.C.T. compound and blocked and permeabilized with 0.3% Triton-X, 1% BSA, and 5% goat serum in PBS for 1 h at room temperature. Sections were then incubated with primary antibody overnight at 4 °C. The following primary antibodies and their dilutions were used: MBP (1:1000, SMI-99, Biolegend, San Diego, CA, USA), Olig2 (1:300, AB9610, Sigma-Aldrich, St. Louis, MO, USA), GFAP (1:250, GA5, Invitrogen Life Technologies, San Diego, CA, USA), CC1 (1:300, AB16794, Abcam, Boston, MA, USA), Activated-Caspase 3 (1:250, C92-605, BD Pharmingen, San Diego, CA, USA), as well as Isolectin GS-IB4 Alexa Fluor 568 Conjugate (1:100, Invitrogen Life Technologies, San Diego, CA, USA).



Three washes with PBS were performed at room temperature. Fluorophore-conjugated secondary antibody (donkey anti-mouse IgG Alexa Fluor 488, goat anti-rabbit IgG Alexa Fluor 488, donkey anti-mouse Alexa Fluor 594, donkey anti-rabbit IgG Alexa Fluor 594, 1:1000, Invitrogen, San Diego, CA, USA) was applied and incubated for 2 h at room temperature followed by three washes with PBS. Sections were mounted onto glass slides with anti-fade mounting medium (VectaShield, Vector Labs, Newark, CA, USA) with or without DAPI (4′,6-diamidino-2-phenylindole).




2.5. Brain Tissue Hypoxia Analysis


For detection of tissue hypoxia with the Hypoxyprobe Green Kit (NPI Inc., Burlington, MA, USA), pups were given a single IP injection of pimonidazole HCl (60 mg/kg) dissolved in PBS either at P8 or P11. Pups were sacrificed and brains dissected 90 min after injection. P8 mice were sacrificed six hours after removal from 80% oxygen. Following tissue processing for immunofluorescent staining as detailed above, brain sections were incubated with FITC-conjugated mouse monoclonal anti-pimonidazole adduct antibody (1:100 dilution) overnight before mounting.




2.6. Brain Microscopy and Immunohistochemistry Measurements


Following immunofluorescent staining, brain sections were imaged with fluorescent microscope (Zeiss Axio Imager.Z1, Carl Zeiss, White Plains, NY, USA). Three different laser lines were used: DAPI (400 nm excitation, 470 nm emission filter), FITC (488 nm excitation; 522/35 emission filter), and CY3 (560 nm excitation; 605/32 emission filter). Images quantified by mean fraction area of fluorescence (MBP, GFAP, Hypoxyprobe) were obtained using 5× or 10× objective on a single plane and analyzed by the ImageJ (NIH, Bethesda, MD, USA) software as previously described [32]. Exposure and threshold parameters were consistent across images within each experiment during imaging and analysis. Brain vasculature was imaged with Zeiss ApoTome 3 at 10× objective for improved optical resolution. Images were quantified using mean vessel area by the AngioTool (NIH, Bethesda, MD, USA) software [33]. Images quantified by cell number/volume (Olig2, CC1, Activated Casp-3) were imaged as z-stacks using 20× objective and depth of 20 μm. Cells were counted by analyzing the merged image for each z-stack on ImageJ and identifying positive immunofluorescence for each individual channel. Measurements from 3–5 images of external capsule (EC), corpus callosum, or subventricular zone (SVZ) from different tissue sections were taken and averaged for each animal analyzed.




2.7. Western Blotting


Protein analysis was performed on brain hemispheres after removing olfactory bulbs and brainstem. Tissue was lysed in 4 °C radioimmunoprecipitation assay (RIPA) buffer solution (Sigma-Aldrich, St. Louis, MO, USA) containing protease inhibitor cocktail Complete (Roche, Mannheim, Germany), homogenized using a tight-fitting microtube pestle, sonicated, and centrifuged at 20,000× g, 4 °C for 15 min to remove particulate matter. A Pierce BCA protein assay kit (Thermo-Fisher, Waltham, MA, USA) was used to measure protein concentrations using spectrophotometry at 562 nm. Proteins samples (16 μg per lane) were resolved on gradient 4–20% polyacrylamide Tris-glycine gels (Life Technologies, San Diego, CA, USA) and electro-transferred to polyvinylidene difluoride membrane (Millipore, Danvers, MA, USA) for immunoblotting. Membranes were blocked with Intercept blocking buffer (LI-COR Biosciences, Lincoln, NE, USA), then probed with primary antibodies overnight: MBP (1:1000, SMI-99, Biolegend, San Diego, CA, USA), HIF-1α (1:500, Cayman Chemical, Ann Arbor, MI, USA), and β-actin (1:5000, Cell Signaling Technology, Danvers, MA, USA). Membranes were then washed and incubated in secondary fluorophore-conjugated antibody (described above) at room temperature for 1 h before fluorescence imaging with LI-COR Odyssey CLx and quantification with Image Studio (LI-COR Biosciences, Lincoln, NE, USA). Densitometry measurements for proteins of interest were normalized to β-actin.




2.8. Detection of Luc-ODD Luciferase Reporter In Vitro


HIF stabilization levels were assessed in the Luc-ODD mouse strain by measuring luciferase activity [34]. Luc-ODD mice were placed in hyperoxia from P4–P8 and anesthetized and transcardial perfused by PBS at P8 and P11 without fixation in PFA. Following brain extractions, the WM (corpus callosum) was micro-dissected out and placed in Glo Lysis Buffer (Promega, Madison, WI, USA), homogenized with disposable microtubule pestles, followed by centrifugation at 20,000× g, 4 °C for 15 min. A BCA protein assay (Thermo-Fisher, Waltham, MA, USA) was used to measure protein concentrations of tissue preparations following dilution with Glo Lysis Buffer in a total volume of 100 μL into white opaque 96-well plates. Room temperature extracts were mixed with 100 uL of luciferase substrate Bright-Glo Luciferase Assay System (Promega, Madison, WI, USA); the Victor X2 (PerkinElmer, Waltham, MA, USA) luminometer/fluorimeter was used to measure luminescence.




2.9. Reverse Transcription and Quantitative PCR


Brain tissue (whole brain) was placed into 1 mL of RNAlater reagent (Qiagen, Germantown, MD, USA) and stored at 4 °C. Total RNA was extracted using the RNeasy kit (Qiagen, Germantown, MD, USA) and measured using standard spectrophotometric parameters on NanoDrop (Thermo-Fisher, Waltham, MA, USA). RNA (1 μg) from each sample was retrotranscribed to cDNA using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA). cDNA samples (2 μL) were used as the template for amplification reactions performed with the TaqMan Fast Advanced Master Mix and Vegfa or Epo TaqMan assay FAM and Hprt TaqMan assay VIC in a QuantStudio 3 Real-Time PCR System (all from Applied Biosystems, Waltham, MA, USA). Quantitative PCR data analysis was performed with QuantStudio Design and Analysis software v1.4.3 (Applied Biosystems, Waltham, MA, USA).




2.10. Statistical Analysis


Means were compared using Student’s and Mann-Whitney t-test. The unpaired two-tailed probability associated with rejecting the null hypothesis of no difference between observed groups was calculated, using an alpha level of 0.05. Error bars in all figures represent standard error of the mean (SEM). An online software was used and samples were analyzed in a double-blind fashion [35].





3. Results


3.1. Hyperoxia Results in Decreased Myelination in the Developing Mouse Brain


Myelin basic protein (MBP) is one of the major proteins in myelin and its expression levels directly correlates with progression of developmental myelination [36]. We therefore examined the effect of hyperoxia on MBP protein levels as a marker for WM development by immunofluorescence and Western blot analyses. For this study, two litters born on the same day were cross-fostered from P1 to P8 to ensure normoxia controls were litter-matched and to reduce oxygen-induced damage in the nursing dams. Half of the pups in each litter were exposed to 80% oxygen from P4 to P8, which roughly corresponds to gestational weeks 24–37 in humans in regard to CNS development (Figure 1A). Compared to normoxia litter-matched controls, mice exposed to hyperoxia had marked decrease in MBP protein expression on Western blot analysis at P8, measured 3 h after removal from hyperoxia, that persisted after 3 days in normoxia at P11 (Figure 1B,C). Immunofluorescent staining of brain sections also revealed decreased areas of MBP immunofluorescence in the external capsule (EC; Schema Figure 1D) at P8 and P11 in mice exposed to hyperoxia compared to controls (Figure 1E,F).




3.2. Hyperoxia Is Associated with Reactive Astrogliosis and Increased Apoptosis in the Developing Brain


In addition to diffuse abnormalities in myelination and a loss of pre-myelinating OPCs, PVL presents clinically with astrogliosis and focal periventricular lesions [37]. We found that hyperoxia followed by normoxia created a biphasic response in WM astrocytes, demonstrated by staining of glial fibrillary acidic protein (GFAP), following 80% oxygen exposure from P4 to P8 (Figure 1G,I). Immediately after hyperoxia at P8 there was decreased GFAP immunoreactivity in hyperoxia brains compared to normoxia controls. In contrast, at P11 the hyperoxia brains had greater GFAP immunoreactivity within the EC and hypertrophy of astrocytic processes.



We next assessed for signs of cellular apoptosis by staining for activated caspase-3 (Casp-3), the main effector caspase of the apoptotic cascade within cells [38]. Although apoptosis within the subventricular zone (SVZ) occurs in normal brain development during neurogenesis, we found a greater number of activated Casp-3+ cells within the SVZ in P8 and P11 brains following hyperoxia exposure compared to litter-matched normoxia controls (Figure 1H,J).




3.3. Hyperoxia Results in Decreased Capillary Density in the Retina and Brain


Within the developing rodent brain, there is massive proliferation of capillary beds through generation of new angiogenic sprouts during the first two weeks after birth [39]. After confirming that our model of hyperoxia exposure from P4 to P8 results in alterations to myelination within the developing WM, we next investigated the effects of hyperoxia on developing vasculature within the brain and retina.



Staining with fluorophore-conjugated lectin of brain sections was analyzed double blinded using AngioTool software to quantify the vascular network and expressed as vessel area. There was a decrease in vasculature supplying the EC (Figure 2A,B) and periventricular zones (not shown) at both P8 and P11 following hyperoxia exposure.



The effects of hyperoxia on capillaries supplying the WM paralleled the effects seen in the retina, demonstrating the susceptibility of immature microvasculature within the central nervous system to high oxygen states (Figure 2C,D). In the most commonly used mouse model of OIR, exposure to 75% oxygen from P7–P12 consistently resulted in vasoobliteration of retinal capillaries and subsequent hypoxia-induced neovascularization [40]. We found that in our model of oxygen-induced brain injury, 80% oxygen exposure from P4 to P8 similarly led to marked capillary dropout and increased avascular areas in lectin-stained retinal flat mounts immediately after hyperoxia at P8 that persisted after 3 days of room air at P11.



We next examined the cellular changes underlying the observed hyperoxia-induced decrease in MBP expression in the developing WM. The progression of the oligodendrocyte lineage from OPCs to mature myelinating oligodendrocytes has been well characterized [36]. We found that following hyperoxia exposure from P4 to P8, mice pups had a reduction in the number of Olig2+ cells (total oligodendrocytes) and Olig2+/CC1+ cells (mature oligodendrocytes) at both P8 and P11 within the EC (Figure 3A–C). To avoid including off-target staining of other cell types, only cells that stained for both Olig2 and CC1 were counted as mature oligodendrocytes. Although statistically significant by parametric analysis, using a non-parametric Mann–Whitney analyses, Olig+2 cells at P8, were not statistically significant (Students t-test, p = 0.033; Mann–Whitney, p = 0.057).




3.4. Relative Hypoxia in Developing Brain after Removal from Hyperoxia


We then wanted to assess whether there were physiologic consequences from the reduction in capillary network observed following hyperoxia exposure. P8 mice were sacrificed six hours after removal from hyperoxia. Both P8 and P11 mice were injected with pimonidazole HCl (60 mg/kg) 90 min before being sacrificed. Subsequent immunofluorescent staining of brain sections of pimonidazole adducts showed hypoxic tissue at P8 and P11 in the brains of mice exposed to hyperoxia, but no evidence of hypoxia in the normoxia controls (Figure 4A–C). At P8, there were concentrated areas of hypoxic cells located throughout the brain tissue, including proximal to and within WM tracts (Figure 4A–C) and throughout the striatum and cortex (not shown). After co-staining with NeuN, a marker for neurons, and Olig2, a marker for oligodendrocytes, we found that the areas of hypoxic cells proximal to the WM tracts were hypoxic neurons, while the areas of hypoxic cells within the WM tracts, including the corpus callosum, were hypoxic oligodendrocytes (Figure 4A,B). At P11, there were individual hypoxic cells located throughout the brain tissue rather than in concentrated areas that were identified as neurons (Figure 4A,B).



We next examined the molecular changes correlating with the hypoxia observed in brain tissue following removal from hyperoxia. We first performed a Western blot to measure protein levels of HIF-1α in the brain at P8, six hours after removal from hyperoxia, and at P11. Within the developing brain, HIF-1/2 was shown to have the dual effect of promoting angiogenesis and inhibiting maturation of oligodendrocytes. We found increased HIF-1α levels following hyperoxia exposure at both time points, that is, P8, 6 h after removal from hyperoxia, and P11, 3 days after removal from hyperoxia (Figure 4D,E). Although statistically significant by parametric analysis, using a non-parametric Mann–Whitney analyses, HIF-1a levels at P8 were not statistically significant (Students t-test, p = 0.029; Mann–Whitney, p = 0.055).We emphasize that in samples labeled hyperoxia, measurements were made in relative hypoxia, that is after hyperoxic treatment caused vasoobliteration and pups were in normoxia (relative hypoxia) for 6 h (P8) and 3 days (P11). We next used the luciferase-oxygen dependent degradation domain mouse (Luc-ODD) to show where HIF is upregulated. In this mouse, luciferase expression matches HIF stabilization because luciferase is fused to the C-terminal regulatory element that post-translationally targets HIF-1α to the proteasome if the ODD is hydroxylated under conditions of hyperoxia. However, in hypoxia, no hydroxylation occurs and therefore the luciferase fusion protein is spared and luminescence correlates to HIF stabilization [34]. Following hyperoxia exposure from P4–P8 and then removal to normoxia in Luc-ODD mice, brain luciferase activity was increased at both P8 (6 h after removal from hyperoxia) and P11 (3 days after removal from hyperoxia, Figure 4F), supporting the finding that HIF-1α was upregulated in the developing brain after removal from hyperoxia.



We evaluated mRNA levels of two direct downstream targets of HIF-1α, VEGF and erythropoietin, and found that there were increases in both Vegfa and Epo mRNA at P8 six hours after removal from hyperoxia (Figure 4G,H).




3.5. Systemic HIF-Stabilization during Hyperoxia ALTERS Myelination and oligodendrocyte Populations in the Developing Brain


In order to test the paradigm that oxygen induced vasoobliteration which led to hypoxia, we next examined the effect of directly stabilizing HIF in the CNS, i.e., inducing the molecular outcome of hypoxia, known as hypoxiamimesis. Pharmacologic HIF-stabilization through administration of the HIF PHD-inhibitors DMOG and Roxadustat (FG-4592) in the classic OIR model was previously shown to reduce OIR and BPD in an oxygen induced retinal and lung disease model. Although both compounds inhibit the HIF PHD by binding the 2-oxoglutarate cofactor binding site, DMOG is completely catabolized within blood to MOG, and cleared by hepatic monocarboxylate transporter 2 (MCT2) so that HIF in peripheral tissues is not stabilized by intraperitoneal DMOG [41]. This makes hepatic HIFa a selective target of DMOG [25,26,42]. Roxadustat, however, can be found in CNS tissues as well as multiple other organs [25]. This liver specific tropism of DMOG versus multi-organ targeting of Roxadustat has been definitively demonstrated by Western blot, Luc-ODD transgene analysis, transcriptome studies of liver and retina from animals treated with either DMOG or Roxadustat, previous experiments analyzing hepatic HIF-1a ablation, and liquid chromatography mass spectrometry (LCMS) of plasma and retina [23,25,26,41,42]. Given the capillary dropout we observed in the vasculature supplying the WM following hyperoxia exposure, which paralleled the vasoobliteration within the retina, we wanted to examine the effects on WM myelination and vasculature after simulating hypoxia chemically during the hyperoxia exposure using the hypoxiamimetics Roxadustat versus DMOG to assess whether oxygen might affect myelination through HIF.



In mice pups exposed to 80% oxygen from P4 to P8, we injected half of the litter intraperitoneally with either Roxadustat (10 mg/kg) or DMOG (200 mg/kg) at P3, P5, and P7 (Schema, Figure 5A). Litter-matched controls were injected with an equal volume of PBS. Roxadustat decreased MBP immunofluorescence compared to litter-matched hyperoxia controls at P11 in samples from the corpus callosum and external capsule (Figure 5B–D), but liver trophic DMOG conversely increased MBP immunofluorescence (Figure 5C,D).



Staining for Olig2 and CC1 within the EC at P11 subsequently revealed an increase in numbers of Olig2+ and Olig2+CC1+ cells following DMOG administration compared to litter-matched hyperoxia controls (Figure 5E,F), consistent with an increase in myelination. After injections with Roxadustat, however, there was a decrease in the number of Olig2+ and Olig2+CC1+ cells within the EC compared to hyperoxia controls (Figure 5E,F) consistent with a previous report that conditional KO of oligodendrocyte VHL (constitutive stabilization of HIF-1) inhibits OPC differentiation and myelination [29]. Furthermore, while there was no difference in the fraction of mature to total oligodendrocytes between the DMOG and control groups, there was a 50% reduction in the fraction of mature to total oligodendrocytes in the Roxadustat group compared to control. This suggests that in addition to reducing the number of total oligodendrocytes, administration of Roxadustat also inhibited progression of oligodendrocyte precursors and immature oligodendrocytes into mature, myelinating oligodendrocytes. The overall differences observed in oligodendrocyte populations were consistent with and may explain the differences in MBP expression between the two HIF-stabilizing drugs: DMOG confers remote protection by stabilizing hepatic HIF alone whereas Roxadustat globally stabilizes HIF in extra-visceral organs such as the eye and the brain [25]. This finding indirectly supports our hypothesis that hyperoxia induces capillary loss that secondarily upregulates HIF and downregulates myelination. The fact that Roxadustat mimicked hypoxia even in hyperoxia, and decreased myelination, is a compelling correlation to the finding that oligodendrocyte HIF stabilization decreased progression to mature myelin producing cells [7,29]. This is indirect support for the hypothesis that vasoobliteration could induce hypoxia and upregulate HIF in oligodendrocytes.




3.6. Remote HIF-Stabilization during Hyperoxia Promotes Brain Vasculature


We have definitively demonstrated that DMOG is catabolized in liver alone and does not stabilize extrahepatic HIF-1 yet protects retinal vasculature from oxygen induced retinopathy [25,26,42]. We assessed the effects of DMOG administration on retina and brain vasculature following hyperoxia exposure at P8 and P11. Within the brain, DMOG administration was associated with an increase in vasculature network supplying the EC at both P8 and P11 compared to hyperoxia controls (Figure 5G,H).




3.7. Remote HIF-Stabilization Has No Effects in Myelination and Vasculature in Liver-Specific HIF-1 KO Mice


In order to confirm that the changes in WM myelination and vasculature seen after DMOG administration were dependent on stabilization of HIF-1 within the liver, and not from an off-target effect of DMOG, we repeated the above experiment in liver HIF-1-KO mice (HIF-1α2lox/2lox; albumin-cre) [26], and found no increase in MBP immunofluorescence between mice who received DMOG and hyperoxia litter-matched controls as we saw in wild type mice (Figure 5I,J). We also found no difference in the vasculature network supplying the WM between DMOG treated and untreated hepatic HIF-1 KO mice (Figure 5K,L). These experiments confirm that the DMOG induced protective phenotype requires hepatic HIF-1.





4. Discussion


During normal development, postnatal myelination and angiogenesis are reported to be coupled by HIF-1/2, which has the dual effect of inhibiting OPC maturation and promoting angiogenesis [29]. The timing and degree of HIF activity is critical as physiologic hypoxia in utero must promote tissue vascularization to prevent hypoxia without stabilizing HIF in oligodendrocytes, which decreases myelination [29]. This dual mechanism helps ensure that myelination only proceeds when blood supply is sufficient to meet the metabolic demands of oligodendrocytes (see schematic Figure 6). Therefore, hyperoxia exposure during a period of robust CNS angiogenesis, which in a rodent is the first postnatal week [39], may disrupt proper angiogenesis of immature vasculature resulting in insufficient blood supply to the white matter. Subsequent proximal ischemia and upregulation of HIF-1/2 following removal from hyperoxia (into relative hypoxia) may lead to impaired myelination secondary to inhibition of OPC maturation. This is the model proposed by Yuen et al. which our data supports [7].



In this study, we investigated a murine model of oxygen-induced WM injury that parallels one of the many varied clinical presentations of hypomyelination in premature infants. We found that after 80% oxygen exposure from P4 to P8, mice pups had reduced myelination and number of total and mature oligodendrocytes within the developing white matter, as well as increased periventricular reactive astrogliosis and cellular apoptosis. The initial decrease followed by an increase in GFAP expression was also observed in hippocampal astrocytes in a model of transient global ischemia, and may reflect astrocyte dysfunction and reactivity secondary to fluctuations in oxygen levels [43]. In a previously reported model of hyperoxia-induced premature brain injury, MBP expression was similarly decreased immediately after hyperoxia from P6 to P8 and persisted until P12. While they found that MBP expression returned to control levels by P15, MRI imaging revealed long-term WM damage in P30 and P60 mice as well as impairment in motor coordination and activity consistent with PVL [31,44]. Our findings support the possibility that one cause of white matter loss associated with premature birth can be hyperoxia.



The decreased myelination observed following hyperoxia exposure is likely due to the reduced number of mature oligodendrocytes within the white matter at P8 and P11. While previous studies point to the increased susceptibility of pre-myelinating oligodendrocytes to hyperoxia-induced apoptosis [30,31], this would not fully explain the persistent decrease we observed at P11. The vasculature dropout we observed following hyperoxia could be contributing to the reduction in oligodendrocyte populations in two ways. First, following removal from hyperoxia, there were marked hypoxic regions within the white matter that we identified as Olig2+ cells at P8. We further found upregulation of HIF-1α hours after removal from hyperoxia at P8 that persisted until P11, which is consistent with the hypothesis that HIF-1/2 upregulation may be inhibiting maturation of OPCs within a relative hypoxic environment caused by hyperoxia-induced vasoobliteration. Second, because OPCs require vasculature as a physical scaffold when migrating, hyperoxia-induced capillary dropout may also lead to decreased oligodendrocyte numbers within the white matter by impairing their migration [45].



While DMOG and Roxadustat are both HIF-stabilizing agents that promote protection against OIR during hyperoxia, their opposing effects on myelination is likely attributed to differences in their pharmacokinetics. Roxadustat targets a number of organs, including the liver, retina, and brain [25,46]. Direct HIF-stabilization within the brain with Roxadustat resulted in exacerbation of hypomyelination and reduced oligodendrocyte numbers compared to hyperoxia controls, supporting the previously reported finding that HIF-stabilization by disruption of oligodendrocyte pVHL (HIF upregulation) results in inhibition of oligodendrocyte maturation [29]. In contrast, DMOG solely targets the liver and was previously shown to not be protective against OIR in liver HIF-1 KO mice, demonstrating that DMOG-dependent protection of retinal vasculature occurs remotely and requires stabilization of hepatic HIF-1α [26]. We found in this study that in addition to protection of retinal vasculature and lung tissue, administering DMOG during hyperoxia was associated with increased cerebral vasculature, myelination and number of myelinating oligodendrocytes within the white matter compared to hyperoxia alone. OPCs were previously shown to require vasculature as a physical scaffold for migration throughout the central nervous system from progenitor domains, and the increased vasculature network secondary to DMOG administration may promote OPC migration to the WM and contribute to the increased numbers of oligodendrocytes observed [45]. As would thus be expected, administration of DMOG in liver HIF-KO (HIF-1α2lox/2lox; albumin-cre) mice did not affect white matter myelination or vasculature following hyperoxia exposure.



All together, these results further support the idea that oxygen-induced toxicity is a systemic condition, unifying the pathogenesis of ROP/BPD/PVL, and that the liver could be stimulated to protect remote organ tissues from oxygen-induced injury [26,47]. While the exact mechanisms by which hepatic HIF-stabilization remotely protects the retina and other peripheral organs remain to be fully elucidated, others and we have definitively demonstrated that HIF-1 dependent activation of serine/1-carbon metabolism is a critical metabolic pathway in adaptation to hypoxia and is required in the remote protection against OIR following HIF-stabilization in the liver [48]. In addition, serine also serves as a primary building block for the glycosphingolipid biosynthesis required to produce myelin, and taurine, a product of serine/1-carbon metabolism, supplementation was shown to promote oligodendrocyte maturation through increasing the serine pool and promoting flux through the glycosphingolipid biosynthetic pathways [49]. Our previous experiments demonstrated that metabolites of serine/1-carbon metabolism were decreased in the hepatic HIF-KO in both plasma and retina even with DMOG induced hypoxiamimesis, suggesting that in the mouse pup, retinal serine is derived from hepatic serine biosynthesis and could explain the dependence of CNS myelination on the liver [42].



In conclusion, our findings suggest the possibility that pathogenesis of ROP/BPD/PVL can be similarly dependent on hyperoxia. Hypoxic preconditioning of severely premature infants or low dose, intermittent hepatic hypoxiamimesis through liver trophic small molecule HIF PHD inhibition (HIF PHi) may be constructive strategies to protect the severely premature infant.




5. Conclusions


One Mechanism of CNS hypomyelination, in addition hypoxia/ischemia, inflammation, and intraventricular hemorrhage, may be hyperoxia alone. Hyperoxia can decrease blood vessel density in white matter and reduce overall oligodendrocyte numbers. Hepatic HIF-1 stabilization can increase corpus callosal myelination. Further work Is necessary to define the mechanism of remote protection by the liver.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines11010037/s1, Table S1, Abbreviations.





Author Contributions


Conceptualization, G.H. and J.E.S.; Methodology, W.S., G.H., T.M.D. and J.E.S.; formal analysis, W.S., G.H. and J.E.S.; investigation, W.S., G.H. and D.H.; data curation, W.S. and G.H.; writing—original draft preparation, W.S.; writing W.S., G.H., T.M.D. and J.E.S.; supervision, G.H., J.E.S. and J.E.S.; funding acquisition, W.S. and J.E.S. All authors have read and agreed to the published version of the manuscript.




Funding


Grant Support: National Eye Institute (R01 EY024972 to JES); Research to Prevent Blindness Physician Scientist (RPB1801 to JES, Medical Student Fellowship to WS).




Institutional Review Board Statement


All experimental procedures involving live animals were approved by the Cleveland Clinic Institutional Animal Care and Use Committee (protocol no. 2019-2183).




Data Availability Statement


Data is contained within the article.




Acknowledgments


We thank Muhammad Irfan for instruction regarding corpus callosum dissection.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Behrman, R.E.; Butler, A.S. (Eds.) Preterm Birth: Causes, Consequences, and Prevention; National Academies Press: Washington, DC, USA, 2007. [Google Scholar]

	



Stoll, B.J.; Hansen, N.I.; Bell, E.F.; Walsh, M.C.; Carlo, W.A.; Shankaran, S.; Laptook, A.R.; Sanchez, P.J.; Van Meurs, K.P.; Wyckoff, M.; et al. Eunice Kennedy Shriver National Institute of Child, H., and Human Development Neonatal Research, N. Trends in Care Practices, Morbidity, and Mortality of Extremely Preterm Neonates, 1993–2012. JAMA 2015, 314, 1039–1051. [Google Scholar] [CrossRef] [PubMed]

	



Khwaja, O.; Volpe, J.J. Pathogenesis of cerebral white matter injury of prematurity. Arch. Dis. Child. Fetal Neonatal Ed. 2008, 93, F153–F161. [Google Scholar] [CrossRef] [PubMed]

	



Ghotra, S.; Vincer, M.; Allen, V.M.; Khan, N. A population-based study of cystic white matter injury on ultrasound in very preterm infants born over two decades in Nova Scotia, Canada. J. Perinatol. 2018, 39, 269–277. [Google Scholar] [CrossRef] [PubMed]

	



Gano, D.; Andersen, S.K.; Partridge, J.C.; Bonifacio, S.L.; Xu, D.; Glidden, D.V.; Ferriero, D.M.; Barkovich, A.J.; Glass, H.C. Diminished white matter injury over time in a cohort of premature newborns. J. Pediatr. 2015, 166, 39–43. [Google Scholar] [CrossRef] [PubMed]

	



Volpe, J.J. Dysmaturation of Premature Brain: Importance, Cellular Mechanisms, and Potential Interventions. Pediatr. Neurol. 2019, 95, 42–66. [Google Scholar] [CrossRef]

	



Boehme, J.; Maltepe, E. Spare hypoxia, spoil the child? J. Clin. Investig. 2015, 125, 965–967. [Google Scholar] [CrossRef]

	



Elitt, C.M.; Rosenberg, P.A. The challenge of understanding cerebral white matter injury in the premature infant. Neuroscience 2014, 276, 216–238. [Google Scholar] [CrossRef]

	



Choi, E.K.; Park, D.; Kim, T.K.; Lee, S.H.; Bae, D.K.; Yang, G.; Yang, Y.H.; Kyung, J.; Kim, D.; Lee, W.R.; et al. Animal models of periventricular leukomalacia. Lab. Anim. Res. 2011, 27, 77–84. [Google Scholar] [CrossRef]

	



Ozaki, H.; Yu, A.Y.; Della, N.; Ozaki, K.; Luna, J.D.; Yamada, H.; Hackett, S.F.; Okamoto, N.; Zack, D.J.; Semenza, G.L.; et al. Hypoxia inducible factor-1alpha is increased in ischemic retina: Temporal and spatial correlation with VEGF expression. Investig. Ophthalmol. Vis. Sci. 1999, 40, 182–189. [Google Scholar]

	



Hartnett, M.E.; Penn, J.S. Mechanisms and management of retinopathy of prematurity. N. Engl. J. Med. 2012, 367, 2515–2526. [Google Scholar] [CrossRef]

	



Semenza, G.L.; Nejfelt, M.K.; Chi, S.M.; Antonarakis, S.E. Hypoxia-inducible nuclear factors bind to an enhancer element located 3' to the human erythropoietin gene. Proc. Natl. Acad. Sci. USA 1991, 88, 5680–5684. [Google Scholar] [CrossRef]

	



Semenza, G.L.; Wang, G.L. A nuclear factor induced by hypoxia via de novo protein synthesis binds to the human erythropoietin gene enhancer at a site required for transcriptional activation. Mol. Cell. Biol. 1992, 12, 5447–5454. [Google Scholar]

	



Jiang, B.H.; Rue, E.; Wang, G.L.; Roe, R.; Semenza, G.L. Dimerization, DNA binding, and transactivation properties of hypoxia-inducible factor 1. J. Biol. Chem. 1996, 271, 17771–17778. [Google Scholar] [CrossRef]

	



Alon, T.; Hemo, I.; Itin, A.; Pe'er, J.; Stone, J.; Keshet, E. Vascular endothelial growth factor acts as a survival factor for newly formed retinal vessels and has implications for retinopathy of prematurity. Nat. Med. 1995, 1, 1024–1028. [Google Scholar] [CrossRef]

	



Pierce, E.A.; Foley, E.D.; Smith, L.E. Regulation of vascular endothelial growth factor by oxygen in a model of retinopathy of prematurity. Arch. Ophthalmol. 1996, 114, 1219–1228. [Google Scholar] [CrossRef]

	



Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh, M.; Salic, A.; Asara, J.M.; Lane, W.S.; Kaelin, W.G., Jr. HIFalpha targeted for VHL-mediated destruction by proline hydroxylation: Implications for O2 sensing. Science 2001, 292, 464–468. [Google Scholar] [CrossRef]

	



Epstein, A.C.; Gleadle, J.M.; McNeill, L.A.; Hewitson, K.S.; O'Rourke, J.; Mole, D.R.; Mukherji, M.; Metzen, E.; Wilson, M.I.; Dhanda, A.; et al. C. elegans EGL-9 and mammalian homologs define a family of dioxygenases that regulate HIF by prolyl hydroxylation. Cell 2001, 107, 43–54. [Google Scholar] [CrossRef]

	



Takeda, K.; Cowan, A.; Fong, G.H. Essential role for prolyl hydroxylase domain protein 2 in oxygen homeostasis of the adult vascular system. Circulation 2007, 116, 774–781. [Google Scholar] [CrossRef]

	



Iliopoulos, O.; Kaelin, W.G., Jr. The molecular basis of von Hippel-Lindau disease. Mol. Med. 1997, 3, 289–293. [Google Scholar] [CrossRef]

	



Maxwell, P.H.; Wiesener, M.S.; Chang, G.W.; Clifford, S.C.; Vaux, E.C.; Cockman, M.E.; Wykoff, C.C.; Pugh, C.W.; Maher, E.R.; Ratcliffe, P.J. The tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 1999, 399, 271–275. [Google Scholar] [CrossRef]

	



Cockman, M.E.; Masson, N.; Mole, D.R.; Jaakkola, P.; Chang, G.W.; Clifford, S.C.; Maher, E.R.; Pugh, C.W.; Ratcliffe, P.J.; Maxwell, P.H. Hypoxia inducible factor-alpha binding and ubiquitylation by the von Hippel-Lindau tumor suppressor protein. J. Biol. Chem. 2000, 275, 25733–25741. [Google Scholar] [CrossRef] [PubMed]

	



Sears, J.E.; Hoppe, G.; Ebrahem, Q.; Anand-Apte, B. Prolyl hydroxylase inhibition during hyperoxia prevents oxygen-induced retinopathy. Proc. Natl. Acad. Sci. USA 2008, 105, 19898–19903. [Google Scholar] [CrossRef] [PubMed]

	



Asikainen, T.M.; Schneider, B.K.; Waleh, N.S.; Clyman, R.I.; Ho, W.B.; Flippin, L.A.; Gunzler, V.; White, C.W. Activation of hypoxia-inducible factors in hyperoxia through prolyl 4-hydroxylase blockade in cells and explants of primate lung. Proc. Natl. Acad. Sci. USA 2005, 102, 10212–10217. [Google Scholar] [CrossRef] [PubMed]

	



Hoppe, G.; Yoon, S.; Gopalan, B.; Savage, A.R.; Brown, R.; Case, K.; Vasanji, A.; Chan, E.R.; Silver, R.B.; Sears, J.E. Comparative systems pharmacology of HIF stabilization in the prevention of retinopathy of prematurity. Proc. Natl. Acad. Sci. USA 2016, 113, E2516–E2525. [Google Scholar] [CrossRef] [PubMed]

	



Hoppe, G.; Lee, T.J.; Yoon, S.; Yu, M.; Peachey, N.S.; Rayborn, M.; Zutel, M.J.; Trichonas, G.; Au, J.; Sears, J.E. Inducing a Visceral Organ to Protect a Peripheral Capillary Bed: Stabilizing Hepatic HIF-1alpha Prevents Oxygen-Induced Retinopathy. Am. J. Pathol. 2014, 184, 1890–1899. [Google Scholar] [CrossRef]

	



Takashima, S.; Tanaka, K. Development of cerebrovascular architecture and its relationship to periventricular leukomalacia. Arch. Neurol. 1978, 35, 11–16. [Google Scholar] [CrossRef]

	



Licht, T.; Dor-Wollman, T.; Ben-Zvi, A.; Rothe, G.; Keshet, E. Vessel maturation schedule determines vulnerability to neuronal injuries of prematurity. J. Clin. Investig. 2015, 125, 1319–1328. [Google Scholar] [CrossRef]

	



Yuen, T.J.; Silbereis, J.C.; Griveau, A.; Chang, S.M.; Daneman, R.; Fancy, S.P.J.; Zahed, H.; Maltepe, E.; Rowitch, D.H. Oligodendrocyte-encoded HIF function couples postnatal myelination and white matter angiogenesis. Cell 2014, 158, 383–396. [Google Scholar] [CrossRef]

	



Gerstner, B.; DeSilva, T.M.; Genz, K.; Armstrong, A.; Brehmer, F.; Neve, R.L.; Felderhoff-Mueser, U.; Volpe, J.J.; Rosenberg, P.A. Hyperoxia causes maturation-dependent cell death in the developing white matter. J. Neurosci. 2008, 28, 1236–1245. [Google Scholar] [CrossRef]

	



Schmitz, T.; Ritter, J.; Mueller, S.; Felderhoff-Mueser, U.; Chew, L.J.; Gallo, V. Cellular changes underlying hyperoxia-induced delay of white matter development. J. Neurosci. 2011, 31, 4327–4344. [Google Scholar] [CrossRef]

	



Evonuk, K.S.; Moseley, C.E.; Doyle, R.E.; Weaver, C.T.; DeSilva, T.M. Determining Immune System Suppression versus CNS Protection for Pharmacological Interventions in Autoimmune Demyelination. J. Vis. Exp. 2016, e54348. [Google Scholar] [CrossRef]

	



Zudaire, E.; Gambardella, L.; Kurcz, C.; Vermeren, S. A computational tool for quantitative analysis of vascular networks. PLoS ONE 2011, 6, e27385. [Google Scholar] [CrossRef]

	



Safran, M.; Kim, W.Y.; O’Connell, F.; Flippin, L.; Gunzler, V.; Horner, J.W.; Depinho, R.A.; Kaelin, W.G., Jr. Mouse model for noninvasive imaging of HIF prolyl hydroxylase activity: Assessment of an oral agent that stimulates erythropoietin production. Proc. Natl. Acad. Sci. USA 2006, 103, 105–110. [Google Scholar] [CrossRef]

	



Xiao, S.; Bucher, F.; Wu, Y.; Rokem, A.; Lee, C.S.; Marra, K.V.; Fallon, R.; Diaz-Aguilar, S.; Aguilar, E.; Friedlander, M.; et al. Fully automated, deep learning segmentation of oxygen-induced retinopathy images. JCI Insight 2017, 2, e97585. [Google Scholar] [CrossRef]

	



Baumann, N.; Pham-Dinh, D. Biology of oligodendrocyte and myelin in the mammalian central nervous system. Physiol. Rev. 2001, 81, 871–927. [Google Scholar] [CrossRef]

	



Volpe, J.J. Neurobiology of periventricular leukomalacia in the premature infant. Pediatr. Res. 2001, 50, 553–562. [Google Scholar] [CrossRef]

	



Gown, A.M.; Willingham, M.C. Improved detection of apoptotic cells in archival paraffin sections: Immunohistochemistry using antibodies to cleaved caspase 3. J. Histochem. Cytochem. 2002, 50, 449–454. [Google Scholar] [CrossRef]

	



Coelho-Santos, V.; Shih, A.Y. Postnatal development of cerebrovascular structure and the neurogliovascular unit. Wiley Interdiscip. Rev. Dev. Biol. 2020, 9, e363. [Google Scholar] [CrossRef]

	



Smith, L.E.; Wesolowski, E.; McLellan, A.; Kostyk, S.K.; D'Amato, R.; Sullivan, R.; D'Amore, P.A. Oxygen-induced retinopathy in the mouse. Investig. Ophthalmol. Vis. Sci. 1994, 35, 101–111. [Google Scholar]

	



Fets, L.; Driscoll, P.C.; Grimm, F.; Jain, A.; Nunes, P.M.; Gounis, M.; Doglioni, G.; Papageorgiou, G.; Ragan, T.J.; Campos, S.; et al. MCT2 mediates concentration-dependent inhibition of glutamine metabolism by MOG. Nat. Chem. Biol. 2018, 14, 1032–1042. [Google Scholar] [CrossRef]

	



Singh, C.; Hoppe, G.; Tran, V.; McCollum, L.; Bolok, Y.; Song, W.; Sharma, A.; Brunengraber, H.; Sears, J.E. Serine and 1-carbon metabolism are required for HIF-mediated protection against retinopathy of prematurity. JCI Insight 2019, 4, e129398. [Google Scholar] [CrossRef] [PubMed]

	



Ouyang, Y.B.; Voloboueva, L.A.; Xu, L.J.; Giffard, R.G. Selective dysfunction of hippocampal CA1 astrocytes contributes to delayed neuronal damage after transient forebrain ischemia. J. Neurosci. 2007, 27, 4253–4260. [Google Scholar] [CrossRef] [PubMed]

	



Schmitz, T.; Endesfelder, S.; Reinert, M.C.; Klinker, F.; Muller, S.; Buhrer, C.; Liebetanz, D. Adolescent hyperactivity and impaired coordination after neonatal hyperoxia. Exp. Neurol. 2012, 235, 374–379. [Google Scholar] [CrossRef]

	



Tsai, H.H.; Niu, J.; Munji, R.; Davalos, D.; Chang, J.; Zhang, H.; Tien, A.C.; Kuo, C.J.; Chan, J.R.; Daneman, R.; et al. Oligodendrocyte precursors migrate along vasculature in the developing nervous system. Science 2016, 351, 379–384. [Google Scholar] [CrossRef] [PubMed]

	



Hoppe, G.; Bolok, Y.; McCollum, L.; Zhang, J.; Sears, J.E. Rank Order of Small Molecule Induced Hypoxiamimesis to Prevent Retinopathy of Prematurity. Front. Cell Dev. Biol. 2020, 8, 488. [Google Scholar] [CrossRef]

	



Olenchock, B.A.; Moslehi, J.; Baik, A.H.; Davidson, S.M.; Williams, J.; Gibson, W.J.; Chakraborty, A.A.; Pierce, K.A.; Miller, C.M.; Hanse, E.A.; et al. EGLN1 Inhibition and Rerouting of alpha-Ketoglutarate Suffice for Remote Ischemic Protection. Cell 2016, 165, 497. [Google Scholar] [CrossRef]

	



Semenza, G.L. Hypoxia-inducible factors: Coupling glucose metabolism and redox regulation with induction of the breast cancer stem cell phenotype. EMBO J. 2017, 36, 252–259. [Google Scholar] [CrossRef]

	



Beyer, B.A.; Fang, M.; Sadrian, B.; Montenegro-Burke, J.R.; Plaisted, W.C.; Kok, B.P.C.; Saez, E.; Kondo, T.; Siuzdak, G.; Lairson, L.L. Metabolomics-based discovery of a metabolite that enhances oligodendrocyte maturation. Nat. Chem. Biol. 2018, 14, 22–28. [Google Scholar] [CrossRef]








[image: Biomedicines 11 00037 g001 550] 





Figure 1. Hyperoxia induced model of periventricular leukomalacia (PVL). (A) Schema for two C57Bl/6J mice litters that were cross-fostered from P1; half of the litters were exposed to hyperoxia (80% oxygen) and half remained in normoxia (room air) from P4-P8. (B) Western blots for MBP and β-actin at P8 and P11. (C) Densitometric analysis of MBP normalized to β-actin showed decreased protein expression at P8 and P11. (D) Region of the Corpus Callosum/External Capsule imaged for immunohistochemical staining. (E) Representative fluorescent images (5×) of MBP immunohistochemical staining at P8 and P11. Consistent exposure and threshold parameters between groups were used during imaging and analysis. Scale bar = 200 μm. (F) Quantification of myelin basic protein (MBP) immunofluorescence as mean percent area showed decreased MBP staining at P8 and P11. (G) Hyperoxia is associated with altered GFAP immunoreactivity and cellular apoptosis within the SVZ. Representative fluorescent images (20×) of GFAP-stained brain sections at P8 and P11 in hyperoxia and normoxia brains. Scale bar = 50 μm. (I) Quantification of GFAP immunofluorescence as mean percent area showed decreased immunoreactivity at P8 and increased at P11. (H) Representative images (20×) of SVZ stained with activated Casp-3 (red) and DAPI at P8 and P11. Scale bar = 50 μm. (J) Quantification of activated Casp-3+ cells within the SVZ within hyperoxia brains at both time points. For A-F, data is shown as mean ± SEM for each group ((A–F), n = 4–6 animals, 5 images/animal). For G-J, each group and time point, data is shown as mean ± SEM and n = 5–7 brains. An unpaired two-tailed t test was used to compare normoxia vs. hyperoxia, where * p < 0.05, was used for statistical analysis. (MBP = myelin basic protein, SVZ = supraventricular zone, LV = lateral ventricle, GFAP = glial fluorescent acidic protein). 
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Figure 2. Hyperoxia decreases capillary network in the brain and retina. (A) Vasculature segmentation with AngioTool of representative fluorescent images (10×) of lectin immunohistochemical staining of brain capillary networks supplying the external capsule at P8 and P11 in normoxia versus hyperoxia. Scale bar = 100 μm. (B) Brain capillary networks supplying the EC were quantified as mean vessel area in each image. There was decreased vessel area following hyperoxia at both P8 and P11. (C) Representative images of lectin-stained retina flat mounts at P8 and P11 after 80% oxygen exposure from P4–P8. Each image was obtained by merging 16 overlapping fluorescent images. Scale bar = 200 μm. (D) Quantification of retinal flat mounts depicting fraction avascular area of total retinal area. There was increased avascular fraction area at P8 and P11 following hyperoxia. Data shown as mean ± SEM for each group. For each group and time point, 5 images/animal were averaged for 5–8 animals. An unpaired two-tailed t test comparing normoxia vs. hyperoxia, where * p < 0.05, was used for statistical analysis. 
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Figure 3. Hyperoxia exposure results in reduction of Olig2+ and CC1+ oligodendrocytes within immature white matter. EC, external capsule; CTX, cortex; STR, striatum. Olig2, marker of all oligodendrocytes, CC1, marker of mature oligodendrocytes. Dashed lines depict the margins of the EC. (A) Fluorescent images at P8 (20×) showing reduction in the number of Olig2+ (green) and Olig2+CC1+ (green and red) oligodendrocytes in hyperoxia vs. normoxia. Scale bar = 50 μm. (B) The reduction of oligodendrocytes at P8 is sustained at P11 within the EC, marked by dashed white lines. Scale bar = 50 μm. (C) Quantification of Olig2+ and Olig2+CC1+ cells within the EC at P8 and P11 in normoxia and hyperoxia. Data shown as mean ± SEM for each group (n = 4–6 animals, 5 images/animal), using an unpaired two-tailed t test comparing normoxia vs. hyperoxia; * p < 0.05. Using non-parametric Mann–Whitney analyses, (C) (Olig+2 at P8), is not statistically significant. 
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Figure 4. Hyperoxia induces relative hypoxia. (A) Hyperoxia from P4–P8 increases Hypoxyprobe staining compared to normoxia at P8, 6 h after removal from hyperoxia, and at P11, 3 days after removal from hyperoxia. Double-staining for either neurons (green, NeuN) upper 2 panels, oligodendrocytes (green, Olig2) and red (Hypoxyprobe) reveals both hypoxic neurons and oligodendrocytes after phase 1 hyperoxia followed by phase 2 relative hypoxia. Dashed lines mark the histological margins of the EC or CC as shown in the following schematic. Scale bar = 50 μm. (B) Schema demonstrating area of sections from either the Corpus Callosum (CC) or the External Capsule (EC). (C) Quantification of Hypoxyprobe at P8 and P11 compared to normoxia. (D) Western blot and (E) quantification of Western blot probed with HIF-1α antibody shows statically significant upregulation of HIF-1α in brain tissue 3 h after removal from hyperoxia at P8 and 3 days after removal from hyperoxia at P11. (F) The luciferase-oxygen dependent degradation domain transgenic mouse confirms a downregulation of HIF prolyl hydroxylase activity (reflected as an increase in luciferase protein) equivalent to an increase in HIF stability. (G) mRNA regulated by HIF, VEGF and (H) erythropoietin are increased at P8, 3 h after removal from hyperoxia. n = 4 for all groups except Western blot, where n = 5. Data is shown as mean ± SEΜ for each group; an unpaired two-tailed t test was used to compare normoxia vs. hyperoxia, where * p < 0.05, was used for statistical analysis. Using non-parametric Mann–Whitney analyses, (E) (HIF-1a at P8) is not statistically significant. 
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Figure 5. Systemic HIF-stabilization decreases and hepatic HIF stabilization increases myelination, oligodendrocyte populations, and vascular density at P11. (A) Schema demonstrating hyperoxia and HIF stabilization protocols. Mice were injected IP with DMOG (200 mg/kg) or Roxadustat (RXD) (10 mg/kg) at P3, P5, and P7 and placed in 80% oxygen from P4 to P8. (B) Areas that were imaged in the Corpus Callosum/External capsule. (C) Representative fluorescent images (5×) of myelin basic protein (MBP) immunohistochemical staining at each time point after applying consistent exposure and threshold parameters between groups during imaging and analysis. Scale bar = 200 μm. (D) Quantification of MBP immunofluorescence as mean percent area normalized to hyperoxia shows increased MBP staining after DMOG and decreased MBP staining after Roxadustat, imaged at P11. (E) Fluorescent images (20×) showed increased Olig2+ (green) and Olig2+CC1+ (green and red) oligodendrocytes after DMOG and decreased numbers after Roxadustat in the corpus callosum. Scale bar = 50 μm. (F) Quantification of Olig2+ and Olig2+CC1+ at P11. (G) Representative images of brain capillary networks supplying the EC stained with lectin and analyzed by AngioTool. Scale bar = 100 μm. (H) Quantification of mean vessel area demonstrates increases following hyperoxia at both P8 and P11 in the DMOG group. (I) Representative images of immunofluorescent MBP in the corpus callosum shows no difference in the hepatic HIF-1 KO. Scale bar = 200 μm. (J) Quantification of MBP comparing DMOG treatment in the hepatic HIF-1 KO. (K) Representative brain capillary images from the hepatic HIF-1 KO with and without DMOG treatment. Scale bar = 100 μm. (L) Quantification of brain capillary density shows no effect of DMOG in the hepatic HIF-1 KO. No difference in MBP in the hepatic HIF-1 KO demonstrates that DMOG induced protection is dependent on hepatic HIF-1. Data is shown as mean ± SEM for each group at P11 unless indicated otherwise (n = 4–6 animals, 4 images/animal), using an unpaired two-tailed t test comparing drug vs. hyperoxia litter-matched control; * p < 0.05. (Hyp = hyperoxia, DMOG = dimethyloxalylglycine, RXD = Roxadustat). 






Figure 5. Systemic HIF-stabilization decreases and hepatic HIF stabilization increases myelination, oligodendrocyte populations, and vascular density at P11. (A) Schema demonstrating hyperoxia and HIF stabilization protocols. Mice were injected IP with DMOG (200 mg/kg) or Roxadustat (RXD) (10 mg/kg) at P3, P5, and P7 and placed in 80% oxygen from P4 to P8. (B) Areas that were imaged in the Corpus Callosum/External capsule. (C) Representative fluorescent images (5×) of myelin basic protein (MBP) immunohistochemical staining at each time point after applying consistent exposure and threshold parameters between groups during imaging and analysis. Scale bar = 200 μm. (D) Quantification of MBP immunofluorescence as mean percent area normalized to hyperoxia shows increased MBP staining after DMOG and decreased MBP staining after Roxadustat, imaged at P11. (E) Fluorescent images (20×) showed increased Olig2+ (green) and Olig2+CC1+ (green and red) oligodendrocytes after DMOG and decreased numbers after Roxadustat in the corpus callosum. Scale bar = 50 μm. (F) Quantification of Olig2+ and Olig2+CC1+ at P11. (G) Representative images of brain capillary networks supplying the EC stained with lectin and analyzed by AngioTool. Scale bar = 100 μm. (H) Quantification of mean vessel area demonstrates increases following hyperoxia at both P8 and P11 in the DMOG group. (I) Representative images of immunofluorescent MBP in the corpus callosum shows no difference in the hepatic HIF-1 KO. Scale bar = 200 μm. (J) Quantification of MBP comparing DMOG treatment in the hepatic HIF-1 KO. (K) Representative brain capillary images from the hepatic HIF-1 KO with and without DMOG treatment. Scale bar = 100 μm. (L) Quantification of brain capillary density shows no effect of DMOG in the hepatic HIF-1 KO. No difference in MBP in the hepatic HIF-1 KO demonstrates that DMOG induced protection is dependent on hepatic HIF-1. Data is shown as mean ± SEM for each group at P11 unless indicated otherwise (n = 4–6 animals, 4 images/animal), using an unpaired two-tailed t test comparing drug vs. hyperoxia litter-matched control; * p < 0.05. (Hyp = hyperoxia, DMOG = dimethyloxalylglycine, RXD = Roxadustat).



[image: Biomedicines 11 00037 g005]







[image: Biomedicines 11 00037 g006 550] 





Figure 6. Two-step hypothesis of the effect of oxygen on myelination. (A) Normoxia allows myelination by inducing normal capillary growth at postnatal day 4-postnatal day 8 (P4–P8) to prevent hypoxia. Normal vascularization, in turn, downregulates HIF in premature oligodendrocytes (pre-OLs) allowing their transformation to mature myelinating oligodendrocytes (OLs). Myelination proceeds normally. (B) Excess oxygen early in postnatal development, P4–P8, causes loss of capillaries and subsequent hypoxia that leads to HIF stabilization in pre-OLs, preventing their maturation into myelinating OLs. Myelination is decreased. (C) Roxadustat, a systemic HIF stabilizer that enters the central nervous system, stabilizes HIF in pre-OLs, preventing their maturation into myelinating OLs. Myelination is decreased. (D) DMOG, administered intraperitoneally during P4–P8, is a liver trophic HIF stabilizer that does not enter the CNS, yet increases brain capillary density even in hyperoxia at P4–P8, allowing for normal myelination, as there is no ischemia and no hypoxia to upregulate HIF after P8 in pre-OLs. Pre-OLs mature into myelinating OLs. Myelination proceeds normally. (P = postnatal day, OPC = oligodendrocyte precursors, Pre-OL = premature olig9dendrocytes, OL = mature myelinating oligodendrocytes, HIF = hypoxia inducible factor, MBP = myelin basic protein, DMOG = dimethyloxalylglycine, ? = yet unknown liver-derived HIF-activated factors that confer remote protection). 
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