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1Department of Anesthesiology, the Second Affiliated Hospital, School of Medicine, Zhejiang 
University, Hangzhou, China

2Department of Neurology, University of California San Francisco, San Francisco, CA, USA

3Department of Pediatrics, University of California San Francisco, San Francisco, CA, USA

Abstract

The cellular responses to hypoxia or hypoxia-ischemia (HI) are governed largely by the hypoxia-

inducible factor (HIF) family of transcription factors. Our previous studies show that HIF-1α 
induction is an important factor that mediates protective effects in the brain after neonatal HI. 

In the present study, we investigated the contribution of another closely related HIF α isoform, 

HIF-2α, specifically the neuronal HIF-2α, to brain HI injury. Homozygous transgenic mice 

with a floxed exon 2 of HIF-2α were bred with CaMKIIα-Cre mice to generate a mouse line 

with selective deletion of HIF-2α in forebrain neurons. These mice, along with their wildtype 

littermates, were subjected to HI at postnatal day 9. Brain injury at different ages was evaluated 

by the levels of cleaved caspase-3 and spectrin breakdown products at 24 h; and histologically 

at 6 days or 3 months after HI. Multiple behavioral tests were performed at 3 months, prior 

to sacrifice. Loss of neuronal HIF-2α exacerbated brain injury during the acute (24 h) and 

subacute phases (6 days), with a trend towards more severe volume loss in the adult brain. 

The long-term brain function for coordinated movement and recognition memory, however, were 

not impacted in the neuronal HIF-2α deficient mice. Our data suggest that, similar to HIF-1α, 

neuronal HIF-2α promotes cell survival in the immature mouse brain. The two HIF alpha isoforms 

may act through partially overlapping or distinct transcriptional targets to mediate their intrinsic 

protective responses against neonatal HI brain injury.
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Using CaMKIIαCre and floxed-HIF-2α mice, we generated mice with specific deletion of 

HIF-2α gene in the forebrain neurons. We showed that neuronal deficiency of HIF-2α increased 

cell death and brain injury following neonatal hypoxia-ischemia suggesting its involvement in 

neuroprotection.
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Hypoxic-ischemic encephalopathy; Brain development; Transcription factor; Hypoxia-inducible 
factor 2α; RRID: AB_10002593; RRID: AB_10000633; RRID: AB_11214057; RRID: 
AB_2070042; RRID: AB_626632; RRID: AB_2149209; RRID: AB_2883116; RRID: 
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Introduction

Hypoxic-ischemic encephalopathy (HIE), due to fetal or neonatal asphyxia, is an important 

cause of death or permanent neurological impairments among full-term or late premature 

infants (Douglas-Escobar & Weiss, 2015; Millar, Shi, Hoerder-Suabedissen, & Molnar, 

2017). As the current interventions, including therapeutic hypothermia, only provide partial 

protection (Natarajan, Pappas, & Shankaran, 2016; Shankaran et al., 2016), research 

endeavors focus on identifying the endogenous protective and repair mechanisms in order 

to develop additional therapies for translation to the clinic. Over the last decades, we have 

found that hypoxia-inducible factor 1-α (HIF-1α), a transcriptional factor that mediates 

acute adaptation to hypoxia, plays a critical role in protecting neonatal mice and immature 

primary neurons against hypoxic-ischemic (HI) brain injury in vivo and in vitro (Hamrick et 

al., 2005; Liang et al., 2019; Sheldon, Lee, Jiang, Knox, & Ferriero, 2014; Sheldon et al., 

2009).

Hypoxia-inducible factors are heterodimeric transcription factors comprised of an α subunit 

that can be HIF-1α, HIF-2α or HIF-3α, and a β subunit (Semenza, 1998, 2001b). 
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The activity and expression of the α subunit are closely modulated by cellular oxygen 

availability, whereas the β subunit is insensitive to oxygen and steadily expressed (Semenza, 

2001a, 2007, 2012). HIF α subunit is rapidly degraded under normoxia; but is stabilized 

during hypoxia and translocates into the nucleus, where it dimerises with the β subunit. 

Together with other transcriptional coactivators, the HIF complex binds to the hypoxia 

response element (HRE) motif of their target DNA to initiate the transcription and 

expression of genes that are involved in a wide variety of cellular functions, including 

glucose and energy metabolic processes (Ke & Costa, 2006; Koyasu, Kobayashi, Goto, 

Hiraoka, & Harada, 2018; Semenza, 2012). Therefore, the HIF pathways are best understood 

as the master regulators of oxygen homeostasis since their discovery in 1995.

In models of neonatal brain ischemia, our previous work suggests that HIF-1α mediated-

neuroprotection is associated with the induction of HIF-1α target genes, such as 

erythropoietin (Epo) and vascular endothelial growth factor (VEGF), which are implicated 

in angiogenesis and neurogenesis after HI (Liang et al., 2019; Mu, Chang, Vexler, & 

Ferriero, 2005; Mu et al., 2003; Sheldon et al., 2014). Recent studies have revealed that 

some putative HIF-1α targets, including brain Epo, are under the control of another closely 

related HIF α isoform, HIF-2α (Chavez, Baranova, Lin, & Pichiule, 2006; Ruscher et al., 

2002; Yeo, Cho, Kim, & Park, 2008). Although HIF-2α is also recognized as an essential 

regulator of oxygen homeostasis, its function is underestimated in gene ontology databases, 

and less well characterized in pathological conditions. HIF-1α and HIF-2α share high 

sequence homology (≈ 48%) (Tian, McKnight, & Russell, 1997) and many target genes. 

It is increasingly clear that they are not functionally redundant and may regulate unique 

transcriptional targets in the context of different tissue and cell types, injury paradigms and 

timing (Downes, Laham-Karam, Kaikkonen, & Yla-Herttuala, 2018; Hu, Wang, Chodosh, 

Keith, & Simon, 2003; Keith, Johnson, & Simon, 2011).

The majority of studies concerning the distinct roles and substrates of HIF-1α versus 

HIF-2α have been performed in cancer (Mole et al., 2009; Smythies et al., 2019) or 

endothelial cells (Bartoszewski et al., 2019), and not brain cells, especially the developing 

brain following HI. A clear dissection of the distinct roles of HIF-1α and HIF-2α will 

provide important insights into the functional differences between these two HIF homologs 

and how the HIF system orchestrates diverse responses following neonatal HI. We have 

published important findings of HIF-1α in neonatal HI in vivo and in primary neurons; 

however, the role of HIF-2α in brain HI is still unexplored. In this study, we investigate 

the contribution of neuron-specific HIF-2α to neonatal brain HI injury by using a Cre-

mediated conditional knockout strategy to selectively delete HIF-2α predominately in 

mouse forebrain neurons. Our data show that loss of neuronal HIF-2α exacerbates brain 

injury at 24 h and 6 days after HI, indicating its role in promoting neuronal survival. 

HIF-2α-associated neuroprotection did not translate to long-term functional benefits as 

evaluated by behavioral testing at 3 months, but at this age, HIF-2α knockout mice showed a 

tendency towards more severe brain volume loss than their wildtype littermates.
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Materials and methods

Animal experiments

All animal procedures were conducted in compliance with the Guide for the Care and Use 

of Laboratory Animals of National Institutes of Health and were approved by the University 

of California San Francisco (UCSF) Institutional Animal Care and Use Committee. The 

animals were housed five mice per cage in humidity (55±10%)- and temperature (22±1°C)- 

controlled room with a light cycle of 12 hr on (6a.m.–6p.m.) and 12 hr off (6p.m.–next 

day 6a.m.) at UCSF barrier facility. The animals were fed ad libitum with a standard 

rodent diet and had free access to water. The standard physical enrichment including 

nestlets, shredded paper twist (ENVIRO-DRI), and a paper hut was provided in each cage. 

Animals are handled during cages change and if health issues arise that require handling. All 

animal handling practices and procedures, including animal health monitoring, diet, primary 

enclosures, environmental control, and means of identification met current recommendations 

of the American Veterinary Medical Association. All experiments were reported according 

to the Animal Research: Reporting of In Vivo Experiments guidelines. Both sexes were 

included in the animal procedures. The mice were randomized and the investigator/operator 

was blinded to the respective mouse genotypes.

Generation of neuron-specific HIF-2α knockout mice

Transgenic mice with two loxP sites flanking exon 2 of HIF-2α (Gruber et al., 2007) 

were purchased from the Jackson Laboratory (stock No: 008407, Sacramento, CA). 

The homozygous floxed-HIF-2α f/f mice were bred with another mouse line expressing 

Cre recombinase under the control of the Ca2+/calmodulin-dependent protein kinase IIα 
promoter (CaMKIIα-Cre) (Dragatsis & Zeitlin, 2000) to generate mice with selective 

deletion of HIF-2α in forebrain neurons. The mice were on C57Bl/6 background. The pups 

positive for the Cre gene were considered as HIF-2α knockout (KO, HIF-2α−/−) and their 

littermates with negative Cre expression were wildtype (WT, HIF-2α f/f) control. Mice were 

genotyped using primers (Integrated DNA Technologies, Inc., Coralville, IA) listed in Table 

1.

Neonatal brain HI

Neonatal hypoxic-ischemic brain damage was produced using the Vannucci model as 

previously described (Sheldon, Windsor, & Ferriero, 2019). At postnatal day 9 (P9), the 

neuronal HIF-2α WT and KO pups were anesthetized with 2%-3% isoflurane, a vertical 

midline incision was made on the neck and the left common carotid artery (CCA) was 

separated and occluded by electrocoagulation. After 1-hour of recovery and feeding with 

their dam, the pups were subjected to hypoxia for 60 minutes in a homeothermic chamber 

at 36°C with 10% oxygen/balance nitrogen. For sham control group animals, all the surgical 

procedures were provided except coagulation of the left CCA and hypoxia. The mortality of 

this HI procedure was low, approximately 7%.
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Extraction of nuclear/cytoplasmic fractions

The brain cortices of HIF-2α WT and KO mice were dissected, snap frozen and preserved 

at −80 °C before use. The NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Pierce 

Biotechnology, Rockford, IL) were used to extract the nuclear and cytoplasmic protein 

according to the manufacturer’s protocol. The tissue was homogenized in 250 μl of ice-cold 

CER I buffer containing Halt™ protease and phosphatase inhibitors (Pierce Biotechnology). 

The samples were then incubated with 13.75 μl of CER II buffer and centrifuged for 10 

min at 16,000 x g at 4° C. The resultant supernatant was saved as the cytoplasmic extract. 

The pellet was resuspended in 100 μl of ice-cold NER buffer, shaken for 20 min at 1,500 

rpm at 4° C, followed by centrifugation at 16,000 x g for 30 min at 4° C. The supernatant 

was collected as the nuclear extract. BCA assay kit (Pierce) was used to determine protein 

concentrations.

Immunoblotting

Equal amounts of protein (20μg of nuclear extract for the measurement of HIF-2α/

HIF-1α expression; and 40μg of cytoplasmic fraction for spectrin, cleaved caspase-3 and 

β-actin expression) were separated by SDS-PAGE and transferred to PVDF membranes. 

After blocking for 1 h at room temperature (RT) with TBS-T buffer with 5% non-

fat dry milk and 0.05% Tween-20, the membranes were incubated with the following 

primary antibodies diluted in the blocking buffer overnight at 4°C: rabbit polyclonal 

anti-HIF-2α antibody (Novus Biologicals, LLC, Centennial, CO, Cat# NB100-122, RRID: 

AB_10002593, 1:1000); rabbit polyclonal anti-HIF-1α antibody (Novus Biologicals, LLC, 

Cat# NB100-479, RRID: AB_10000633, developed against a fusion protein including amino 

acids 530-825 of the mouse HIF-1α protein, 1:1000); mouse monoclonal anti-α-spectrin 

antibody (MilliporeSigma, Burlington, MA, Cat#: MAB1622, RRID: AB_11214057, 

1:5000); rabbit monoclonal anti-cleaved caspase-3 (Cell Signaling Technology Inc.; 

Danvers, MA, Cat# 9664, RRID: AB_2070042, 1:1000) and mouse monoclonal anti-

β-actin antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, Cat# sc-47778, 

RRID: AB_626632, 1:5000). The membranes were washed with TBS-T buffer with 

0.05% Tween-20 and incubated with HRP-conjugated secondary antibodies (Santa Cruz 

Biotechnology Inc.) for 1h at RT. Enhanced chemiluminescence kit was used to visualize the 

protein signal, which was then developed with radiographic film. After scanning the film, 

the mean optical densities (OD) and areas of protein bands were measured with Image J 

software.

Three to five animals were used to evaluate the time course of HIF-2α protein expression. 

To quantify spectrin and cleaved caspase-3 levels, 6 HI WT (male=3, female=3) and 5 HI 

KO (male=2, female=3) were used.

Immunofluorescent staining

At 4 h and 24 h after HI, the mice were perfusion-fixed with 4% paraformaldehyde (PFA) 

in 0.1 M phosphate buffer (pH 7.4). Brains were dissected and post-fixed in the same buffer 

overnight at 4°C, and then kept in 30% sucrose in 0.1 M phosphate buffer for 3 days to 

cryoprotect the tissues. The brains were embedded in O.C.T compound and cryosections 

were sliced at 16 μm. The sections were defrosted and air-dried for 2 h at RT. After washing 

Sun et al. Page 5

J Neurosci Res. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with PBS, the sections were incubated in blocking buffer (10% goat serum and 0.1% Triton 

X-100 in PBS) for 1 h at RT followed by incubation overnight at 4°C with rabbit polyclonal 

anti-HIF-2α antibody (Novus Biologicals, LLC, Cat# NB100-122, 1:100), paired with 

mouse monoclonal Alexa Fluor488-conjugated anti-NeuN antibody (MilliporeSigma, Cat# 

MAB377X, RRID: AB_2149209, 1:100) for neurons; or mouse monoclonal coraLite488-

conjugated anti-GFAP antibody (Proteintech Group Inc., Rosemont, IL, Cat# CL488-60190, 

RRID: AB_2883116, 1:100) for astrocytes. After washing with 0.025% Tween/PBS 3 times, 

the brain sections were incubated with goat anti-rabbit IgG (H+L) antibody - Alexa Fluor 

568 (Invitrogen Corporation, Carlsbad, CA, Cat# A-11011, RRID: AB_143157, 1:500) 

for 1 h at RT, then with DAPI for 5 min, and cover-slipped with ProLong Diamond 

antifade reagent (Invitrogen). Images were captured using Leica TCS SP5 Spectral Confocal 

Microscope.

Histology and quantification of brain infarct volume

Six days or 3 months after HI, the mice were euthanized and brains processed for cresyl 

violet (CV) staining to evaluate brain injury. Following cryoprotection as above, 50-μm 

thickness of serial brain sections were collected using a vibratome and then stained with CV 

as we previously reported (Sheldon, Sedik, & Ferriero, 1998). Volumetric injury analysis 

was conducted using a series of 8 CV-stained sections with Image J software. The volumes 

of the ipsilateral and contralateral hemispheres of each brain were measured. Brain total 

infarct volume (%) was calculated and presented as [(volume of contralateral hemisphere 

– volume of ipsilateral hemisphere)/volume of contralateral hemisphere] × 100% (Lu et 

al., 2020). The infarct volumes of ipsilateral cortex, hippocampus and amygdala were also 

quantified using the same calculation. For histology study on 6 days, we used 8 WT 

(male=5, female=3) and 9 KO (male=4, female=5) HI animals. For evaluation at 3 months, 

14 WT (male=8, female=6) and 17 KO (male=10, female=7) HI animals were used.

Behavioral testing

Three behavioral tests were performed between P90-P100, which included the rotarod 

(ROD) test, open field (OF) test and novel object recognition (NOR) test as we published 

previously (Lu et al., 2020).

Rotarod test: The rotarod test examines the function of motor coordination, balance and 

muscle strength. After a 1-min adaptation period with a slow speed (4 rpm/min) on the rod 

(15 cm above the base), the rod was accelerated by 5 rpm every 15 sec, to a maximum speed 

of 32 rpm/min. The length of time (seconds, s) that the mouse remained on the rod (retention 

time or latency to fall) was recorded. The maximum test duration was 180 seconds.

Open field: This test was conducted to assess anxiety-related behavior. The mouse was 

placed in a 40 x 40 cm plastic chamber that was divided into central (20 x 20 cm) and 

peripheral zones. The light intensity was 250 lux. The animal was allowed to explore 

freely in the entire arena for 5 minutes while being recorded by an overhead camera. The 

percentage of time each mouse spent in the center zone of the chamber was recorded to 

determine the level of anxiety.
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2-object novel object recognition: The novel object recognition test is a simple 

assessment of hippocampus- and cortex-dependent non-spatial learning and memory. The 

amount of time that the mouse spent exploring a novel object relative to a familiar one 

reflects the utilization of learning and recognition memory. On two consecutive days, the 

mouse was habituated to an open field arena with a light intensity of 15 lux for 5 min. 

On the third day, the mouse was exposed to the familiar arena with two identical objects 

and allowed to explore for 5 min. In the 3-minute test trial performed 24 h after the 

familiarization phase (the 4th day), one of the familiar objects was replaced by a novel 

object of the same size. The amount of time the mouse spent exploring each object was 

documented and the percentage of time spent with the novel object was determined as [time 

with novel object/(time with old + with novel object)] x 100.

For all tests, the animal numbers were as follows: n=10 for sham WT (male=3, female=7), 

n=6 for sham KO (male=2, female=4), n=16 for HI WT (male=9, female=7), n=19 for HI 

KO (male=11, female=8).

Statistical analysis

Statistical analyses were performed using Prism 5 (GraphPad Software, San Diego, CA). 

The immunoblotting, the infarct volume and the behavioral testing data were compared with 

the nonparametric Wilcoxon-Mann-Whitney test. Differences were considered significant at 

p < 0.05. The results are expressed as vertical scatter plot with median. On all graphs, each 

dot represents an individual mouse, and the horizontal bars represent the median.

Results

Neonatal HI enhanced HIF-2α protein expression

We examined the time course of HIF-2α protein expression after neonatal HI in the WT 

mice and confirmed its induction early after the insult at 30 min and sustained for at least 

4 hours (Fig. 1 a). HIF-2α levels returned to the sham values by 24 h after HI. Cell death 

and brain damage following HI were validated by the significantly increased expression of 

cleaved caspase-3 at 4 h and 24 h after HI (Fig. 1 a).

Characterization of neuron-specific HIF-2α knockout mice

The protein expression of HIF-2α was compared between the WT and the neuron-specific 

KO mice at 4 h after HI. As shown in Fig.1b, HIF-2α protein levels were reduced to 

approximately 35% of that in the WT animals (Fig. 1b, p = 0.003 WT vs. KO). The 

remaining HIF-2α may be derived from other cell populations that also produce the 

protein. Alternatively, as CaMKIIα expression increases over time after birth, CaMKIIα-

Cre-mediated recombination and HIF-2α deletion may remain incomplete at P9. The 

protein level of HIF-1α remained unchanged in the KO mice versus their WT littermates 

(Fig.1b). Double immunofluorescent staining confirmed a lack of HIF-2α expression in 

NeuN-positive neurons in HIF-2α KO brain at 4 h after HI compared to WT mice (Fig. 

2). The images shown in Fig. 2 were captured from the similar ipsilateral cortical region, 

namely, the somatosensory cortical area. There was no localization of HIF-2α in GFAP-

labeled astrocytes at 4 h (Fig. 2) and 24 h (data not shown).
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Neuron-specific deletion of HIF-2α increased brain injury during the acute and subacute 
phases after HI

To elucidate the contribution of neuronal HIF-2α to HI brain damage, the WT and HIF-2α 
KO mice were subjected to HI at P9. Apoptotic and necrotic cell death were evaluated by the 

levels of spectrin breakdown products (SBDP) at 145/150KD and 120KD; and by cleaved 

caspase-3, indicators for activated calpain and caspase-3 (Z. Q. Zhang et al., 2009), at 24 

h after HI. Fig. 3 showed that the levels of these proteins were higher in the HIF-2α KO 

mice than those in the WT littermates (p values and animal numbers are shown in the figure) 

suggesting that selective deletion of HIF-2α in forebrain neurons increased cell death at an 

acute time point post-HI. The histology outcome was determined at a subacute phase at 6 

days after HI when cell death was complete and the full extent of injury was developed. The 

ipsilateral brain regions of cortex, hippocampus, striatum and thalamus were the primary 

lesion sites. Consistently, the HIF-2α KO mice had larger infarct volumes than the WT 

animals (Fig. 4, p = 0.023, KO vs. WT).

Neuronal HIF-2α deletion did not provide long-term functional protection

HIF-2α-associated neuroprotection was assessed again at 3 months after HI when the mice 

reached adult age. Three behavioral tests were performed to evaluate motor and cognitive 

function. When compared to the sham animals, the HI-injured WT mice had reduced 

retention time on the rod (latency to fall) in the ROD test (Fig. 5a); spent less time in 

the center in the OF test (Fig. 5b); and spent less time exploring the novel object in the NOR 

test (Fig. 5c). These overall poorer behavioral performances indicate HI-induced long-term 

functional impairments. There were no differences between the WT and HIF-2α KO mice in 

the behavioral testing (Fig. 5), with the exception of the OF test, in which the HIF-2α KO 

mice spent more time in the center, indicating lower level of anxiety (Fig. 5b, p = 0.0382, 

WT vs. KO). The mice were sacrificed after the behavioral testing for histology staining to 

quantify brain volumes at this stage. The overall infarct volumes were similar in the WT 

and HIF-2α KO mice (Fig. 6, p = 0.3308, KO vs. WT). There were no gender differences, 

nor regional differences in the infarct volumes between these two genotypes (Fig. 6). There 

were fewer KO mice than the WT with small infarct while more KO mice showed moderate 

infarct (11.76% KO vs. 35.71% WT mice had small infarct with <5% infarct volume; and 

76.47% KO vs. 50% of WT mice had moderate infarct volume ranged 5-40%). The HIF-2α 
KO mice had a trend towards more severe brain volume loss than the WT animals (Table 2).

Discussion

In this study, we demonstrate that conditional knockout of HIF-2α in mouse forebrain 

neurons results in more severe brain injury following neonatal HI at P9, suggesting that 

neuronal HIF-2α plays a role in promoting cell survival in our mouse model. The protection 

was prominent at acute (24 h) and subacute (6 days post-HI) phases. At adult age of 

3-4 months, the HIF-2α KO mice showed a trend towards greater brain volume loss 

histologically; however, brain function for coordinated movement and recognition memory 

was not impacted.
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The mechanisms underlying the protective effects of neuronal HIF-2α are unclear. We 

did not see any changes in HIF-1α expression in the HIF-2α KO mice compared to the 

WT control, which is consistent with the observation in adult neuronal HIF-2α knockout 

mice using the same mouse lines (Barteczek et al., 2017). This indicates that the increased 

injury was not attributed to altered activity of HIF-1α in these animals. HIF-1α did not 

compensate for the loss of HIF-2α; therefore neuronal HIF-2α should play unique roles for 

brain protection in neonatal HI. Our finding that deletion of neuronal HIF-2α worsens brain 

injury is in marked contrast to the results from an adult ischemic stroke (transient middle 

cerebral artery occlusion, MCAO) or global hypoxia model in which the same CaMKIIα-

Cre mouse line was bred to floxed-HIF-1α or HIF-2α mice (Barteczek et al., 2017). That 

study showed that neuronal deficiency of either HIF-1α- or HIF-2α did not affect brain 

infarct and edema following MCAO or hypoxia, suggesting a mutual compensatory effect 

of both isoforms. Differential vulnerability to brain ischemia occurred only in neuronal 

HIF-1α/HIF-2α double knockout mice (Barteczek et al., 2017). One possible explanation 

for this age-related differences is that in the adult ischemic model, HIF-2α protein levels 

were only slightly decreased in the neuronal HIF-2α knockout mice, indicating that HIF-2α 
predominantly derives from non-neuronal cells (glial and endothelial cells), whereas in our 

neonatal HI condition, HIF-2α levels were markedly attenuated in the KO mice and there 

was robust HIF-2α expression in neurons, rather than astrocytes. Together, our previous 

work (Liang et al., 2019; Sheldon et al., 2009) and the present study show that in neonatal 

HI, deletion of neuronal HIF-1α or HIF-2α alone led to greater brain injury, which suggests 

that both isoforms participate in neuronal oxygen sensing and are indispensable for intrinsic 

neuroprotection. HIF-mediated adaptive and cellular responses differ in the context of brain 

maturity and injury paradigms.

In our HI model, HIF-2α may act through pathways that overlap with or are distinct from 

those of HIF-1α to protect brain. They share certain protein targets due to their capacity to 

bind to the same HRE motif in the promoter or enhancer regions of the target DNA. Despite 

that, there is a preference for induction and transcriptional activation of their common 

genes depending on cell type, severity of insults and injury evolvement. For example, 

Epo, which is initially considered as a HIF-1α target that is involved in cell survival and 

neuroregeneration, is preferentially controlled by HIF-2α, but not HIF-1α, in both neurons 

and astrocytes (Chavez et al., 2006; Ruscher et al., 2002; Yeo et al., 2008). VEGF-A, another 

HIF-1α target implicated in angiogenesis and cerebral microvasculature reconstruction 

during brain recovery, is also more significantly regulated by HIF-2α in human umbilical 

vein endothelial cells (Downes et al., 2018) and primary cortical neurons (Ralph et al., 

2004). This is in line with the function of HIF-2α in neurovascular development (Cristante 

et al., 2018). Chromatin immunoprecipitation (ChIP) studies using cancer (Mole et al., 

2009; Smythies et al., 2019) or endothelial cell lines (Bartoszewski et al., 2019) revealed 

that the two HIFα isoforms have differential but complementary transcriptional regulation 

(Downes et al., 2018). HIF-1α participates in the initial acute adaptation to hypoxia by 

regulating glycolysis and processes related to anaerobic metabolic reprogramming. HIF-2α, 

however, is induced by more prolonged hypoxia and regulates many more genes in response 

to chronic stresses, for example angiogenic signaling, vascular function and extracellular 

matrix reorganization (Bartoszewski et al., 2019; Downes et al., 2018; Koh & Powis, 2012). 
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To address the distinct mechanisms by which neuronal HIF-1α and HIF-2α benefit neonatal 

HI, a genome-wide profiling of HIF DNA binding is required to identify their common and 

unique transcriptional targets. This approach will help us understand the specific molecular 

pathways triggered by HIF-1α or HIF-2α respectively, and how the HIF system orchestrates 

the diverse responses along the processes of brain injury, recovery and repair in newborn 

brain injury.

Similar to HIF-1α, HIF-2α may directly regulate cell survival and death machineries. 

HIF-1α is known to induce pro-apoptotic members of the Bcl-2 family genes such as Bnip3 

(Bcl-2 interacting protein 3) and Pmaip1 (Phorbol-12-myristate-13-acetate-induced protein 

1, Noxa) (Althaus et al., 2006; Bruick, 2000; Kim, Ahn, Ryu, Suk, & Park, 2004). Bnip3 

is also implicated in autophagy and mitophagy (Shi et al., 2014; J. Zhang & Ney, 2009) 

that occur in neonatal HI (Carloni, Buonocore, & Balduini, 2008; Thornton et al., 2018). 

Neuronal Bnip3 expression is regulated by HIF-1α rather than HIF-2α (Barteczek et al., 

2017). In addition, HIF-1α is required in p53-mediated apoptosis in tumor cells (C. Zhang 

et al., 2021), whereas HIF-2α inhibits p53 pathway activation by limiting accumulation of 

reactive oxygen species (ROS), thereby reducing cell death (Bertout et al., 2009; Das et 

al., 2012). In fact, studies with a global HIF-2α deficient mouse line reported that HIF-2α 
enhances the expression of multiple antioxidant genes including superoxide dismutase 1 

(SOD1), SOD2, glutathione peroxidase 1 (GPx1) and catalase in developing embryos and 

neonates; and reduces the expression of genes associated with oxidative stress (Scortegagna 

et al., 2003; Semenza, 2012). HIF-2α particularly upregulates SOD2, which scavenges 

superoxide in chronic intermittent hypoxia (Nanduri et al., 2009; Semenza, 2012). By 

contrast, HIF-1α mediates increased expression of NADPH oxidase-2 and the resultant 

superoxide formation (Yuan et al., 2011). These findings suggest that HIF-2α is beneficial in 

maintaining ROS and mitochondrial homeostasis.

It is surprising that there were no long-term behavioral differences in the motor coordination 

and recognition memory between the WT and KO animals despite the fact that there were 

differences histologically after HI in the subacute phase. At 3 months of age, the overall 

and regional brain infarct volumes were similar between the two genotypes. As cre-mediated 

HIF-2α deletion is driven by CaMKIIα promoter, whose expression starts after birth and 

increases with age (Bayer, Lohler, Schulman, & Harbers, 1999; Colbran, 1992), perhaps 

persistent deficiency of HIF-2α in neurons differentially affects the chronic reparative 

process and regeneration after the full extent of injury is developed at 6 days after HI. 

Another possibility is that our HI paradigm produced mainly mild to moderate brain injuries 

with wide variation, in which cases the behavioral differences may be difficult to discern. 

Unexpectedly, the HIF-2α KO mice showed less anxiety in the open field test. At least 

one more valid anxiety-related behavioral test is needed to ascertain the role of neuronal 

HIF-2α in regulating anxiety in response to neonatal HI. It has been reported that deletion of 

astrocyte HIF-1α or HIF-2α does not alter anxiety levels in adult rats (Leiton et al., 2018), 

by contrast, endothelial cell-specific inactivation of HIF-1α, which also express a lower 

level of HIF-2α, showed gender-dependent effects on the average center times in the open 

field test when evaluated at P20, even under normoxic conditions (Li et al., 2017). These 

findings suggest the implication of HIF signaling in anxiety-like behavior, in an isoform-, 

cell type-, and age-dependent manner.
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In summary, we show that elimination of neuronal HIF-2α augments destructive responses 

of HI brain injury early in neonatal mice. HIF-2α is also expressed by non-neuronal cells 

in the brain. In models of in vitro cortical neurons and astrocytes undergoing hypoxia or 

oxygen-glucose deprivation, as well as in adult hypoxic mouse brain, HIF-2α expression is 

localized in astrocytes rather than in neurons where HIF-1α is expressed at a higher level 

(Chavez et al., 2006; Leiton et al., 2018). Surprisingly, we did not find HIF-2α expression 

in astrocytes in our model in the first 24 h after HI. It could be upregulated at later time 

points in astrocytes, similar to what we have observed that Epo is expressed in astrocytes 

at one week following neonatal stroke (Mu et al., 2005). The cell type- and isoform-based 

differences in HIF signaling pathways have not been fully characterized in vivo in the 

developing brain. The current study demonstrates that HIF-2α is present in neurons and 

contributes to cell survival in neonatal brain hypoxia-ischemia. Future studies will reveal the 

underlying mechanisms for this neuroprotection.
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Significance Statement

Brain hypoxia-ischemia is a significant cause of perinatal death and life-long 

neurological disabilities. There is a critical need to develop strategies that promote 

endogenous brain protection. In this study, we demonstrated that selective deletion of 

hypoxia-inducible factor 2α in forebrain neurons increased acute cell death and subacute 

brain injury in a mouse model of neonatal hypoxia-ischemia, suggesting its role in 

neuroprotection. Although the underlying mechanisms are not clear, our findings indicate 

that induction of neuronal HIF-2α is a potential strategy for developing treatment for 

hypoxic-ischemic encephalopathy.
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Fig. 1: 
The time course of HIF-2α and cleaved caspase-3 protein expression after neonatal brain HI. 

(a) The nuclear fraction of cortical lysates was extracted at the indicated time points after 

HI and subjected to Western Blotting. The quantification of HIF-2α and cleaved caspase-3 

(c-caspase-3) expression is shown on the right. The OD values were normalized to β-actin 

and expressed as fold change to the sham values (fold of sham). Expression of c-caspase-3 

indicates brain injury at 4 h and 24 h (n=3 for sham, n=5 for HI mice). (b) Representative 

blots showing decreased HIF-2α expression in the KO mice compared to the WT animals 

at 4 h after HI. (n=6 for WT, n=5 for KO). The OD values were normalized to β-actin and 

expressed as fold change to the WT values (fold of WT).
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Fig. 2: 
HIF-2α localization in the WT and KO mice 4 h after HI. HIF-2α (red) was localized in 

NeuN-labeled neurons (green), and was diminished in the KO animals. HIF-2α was not 

co-localized with GFAP (green) in either WT or KO animals after HI. The images were 

captured from the similar ipsilateral cortical region, namely, the somatosensory cortical area. 

(Scale bar = 40μm)
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Fig. 3: 
Neuronal HIF-2α deletion enhanced necrotic and apoptotic cell death 24 h after HI. The KO 

mice had increased levels of spectrin breakdown products at 145/150 kD and 120 kD, as 

well as cleaved caspase-3 compared to WT mice. (n = 6 for WT; n = 5 for KO). The OD 

values were normalized to β-actin and expressed as fold change to the WT values (fold of 

WT).
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Fig. 4: 
Brain infarct volume at 6 days after HI in the WT and KO mice. The percentage of total 

brain infarct volume (right) was quantified based on the cresyl violet-stained series of brain 

sections (left). (n=8 for WT; n=9 for KO animals).
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Fig. 5: 
Brain functional outcomes at 3 months after HI evaluated by behavioral testing. (a) 

Compared to the sham animals, the HI-injured mice (both WT and KO) had less retention 

time on the rod or latency to fall (s). There was no difference between the HI WT and 

KO mice (p=0.2485). (b) In the OF test, the WT HI animals spent less time in the center 

compared to the WT sham (p=0.0187). The HI KO mice had significantly higher OF center 

time than the WT HI animals (p=00382). (c) Regardless of genotype, the HI animals spent 

less time exploring the novel object in the NOR test. There were no differences between HI-

injured WT and KO mice (p=0.2344). In all tests, n=10 for sham WT (male=3, female=7), 

n=6 for sham KO (male=2, female=4), n=16 for HI WT (male=9, female=7), n=19 for HI 

KO (male=11, female=8).
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Fig. 6: 
Brain infarct volume at 3 months after HI in the WT and KO mice. There were no 

differences in the overall (a) and regional (b: cortex; c: hippocampus; d: amygdala) infarct 

volume between the two genotypes. For all graphs, n=14 for WT (male=8, female=6), n=17 

for KO (male=10, female=7). Hippo: hippocampus, Amyg: amygdala
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Table 1.

List of primers used for PCR genotyping

Gene Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

Cre GCGGTCTGGCAGTAA AAACTATC GTGAAACAGCATTGCTGTCACTT

HIF-2α GAGAGCAGCTTCTCCTGGAA TGTAGGCAAGGAAACCAAGG
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Table 2.

Severity of brain volume loss by genotype at 3 months after HI

Genotype Animal
number

Infarct volume (%)

0-5 5-40 40-60

WT 14 5 (35.71%) 7 (50%) 2 (14.29%)

KO 17 2 (11.76%) 13 (76.47%) 2 (11.76%)

Number and (percentage) of animals with small (0-5%), moderate (5-40%) or large (40-60%) infarct volume
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