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Background: Supplemental oxygen used during resusci-
tation can be detrimental to the newborn brain. The aim was 
to determine how different oxygen therapies affect gene tran-
scription in a hypoxia–reoxygenation model.
Methods: C57BL/6 mice (n = 56), postnatal day 7, were 
randomized either to 120 min of hypoxia 8% O

2
 followed by 

30 min of reoxygenation with 21, 40, 60, or 100% O
2
, or to nor-

moxia followed by 30 min of 21 or 100% O
2
. Affymetrix 750k 

expression array was applied with RT-PCR used for validation. 
Histopathology and immunohistochemistry 3 d after hypoxia–
reoxygenation compared groups reoxygenated with 21 or 
100% O

2
 with normoxic controls (n = 22).

Results: In total, ~81% of the gene expression changes 
were altered in response to reoxygenation with 60 or 100% 
O

2
 and constituted many inflammatory-responsive genes (i.e., 

C5ar2, Stat3, and Ccl12). Oxidative phosphorylation was down-
regulated after 60 or 100% O

2
. Iba1+ cells were significantly 

increased in the striatum and hippocampal CA1 after both 21 
and 100% O

2
.

Conclusion: In the present model, hypoxia–reoxygen-
ation induces microglial accumulation in subregions of the 
brain. The transcriptional changes dominating after applying 
hyperoxic reoxygenation regimes include upregulating genes 
related to inflammatory responses and suppressing the oxida-
tive phosphorylation pathway.

Perinatal asphyxia is a major cause of mortality and mor-
bidity in the newborn (1), and efficient resuscitation is 

required to restore oxygenation and adequate perfusion of 
the brain. Brain injury following birth asphyxia is related to 
both hypoxic insult and reoxygenation. Hallmarks of hypoxia–
reoxygenation injury include both a decrease in high-energy 
phosphates due to impaired oxidative phosphorylation (2) and 
excessive generation of reactive oxygen species. The developing 

brain is susceptible to reactive oxygen species–mediated injury 
due to imbalanced brain antioxidant defense, neuronal mem-
branes rich in polyunsaturated fatty acids, a high rate of oxy-
gen consumption, and high availability of free iron as reviewed 
in refs. (3–5). Together with a limited threshold for oxidative 
stress, central nervous system immaturity also provides for a 
more rapid accumulation of microglia, differences in release of 
cytokine and chemokine, and a developing complement sys-
tem, all of which make inflammation an important contributor 
to both injury and repair after a hypoxic insult (4,6). The devel-
oping brain can be exposed to both hypoxia and subsequent 
hyperoxia in a resuscitation situation. Hyperoxic reperfusion 
after hypoxia or hypoxia–ischemia (HI) can induce inflamma-
tion (7), neuronal damage (8,9), and cell death (10).

Studies have demonstrated that air is as efficient as 100% 
oxygen for resuscitating the asphyxiated newborn (11,12), and 
experimental and clinical studies have revealed detrimental 
effects of 100% oxygen (8). Importantly, mortality is reduced 
in neonates resuscitated with air compared with 100% oxygen 
(13). However, there is to date no consensus regarding which 
fraction of inspired oxygen (FiO2) to use during resuscitation 
of the preterm newborn (14). Most of the preterm births hap-
pen in the late stage (gestational age 32–36 wk), and these chil-
dren have increased mortality compared with the term infants 
(15). The brain of the late preterm is immature compared with 
the term infant in regard to the development of sulci, synapses, 
dendrites, microglia, astrocytes, axons, and oligodendrocytes, 
and the weight of the brain is only 60% that of term infants 
(15). DNA microarray technology enables large-scale analysis 
of gene expression patterns. We hypothesized that the use of 
supplemental oxygen during reoxygenation would induce dif-
ferential gene expression and pathways as compared with the 
use of air. To identify oxygen-responsive molecular pathways 
after hypoxia, we analyzed the transcriptome in late premature 
mouse brain tissue after a hypoxia–reoxygenation event using 
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different FiO2. Histopathology and immunohistochemistry 
(IHC) were performed to validate the hypoxia–reoxygenation 
model.

RESULTS
Histopathological and Immunohistochemical Analysis
To validate the hypoxia–reoxygenation model, hematoxylin 
and eosin (HE) staining and immunohistochemical analysis 
were performed on postnatal day 7 (P7) mice from four lit-
ters (n = 22), randomized to hypoxia (FiO2 0.08, H, n = 16) 
or normoxia (FiO2 0.21, C21, n = 6) for 120 min. The hypoxia 
group was further randomized to subsequent reoxygenation 
for 30 min with FiO2 0.21 (H21, n = 8) or 1.00 (H100, n = 8). 
Following 150 min survival in air, pups were returned to their 
dam for observation before they were euthanized postexperi-
mental day 3. There was no necrosis in the HE–stained slides 
in any of the regions of interest: hippocampus, striatum, or 
cortex, but sparse apoptosis. Apoptotic cells (i.e., cells showing 
condensation and fragmentation of the nucleus and eosino-
philic cytoplasm) were identified by light microscopy at high 
magnification (×400) and ranged from one to nine in num-
ber in each regions of interest of the three groups. No signifi-
cant differences were observed between intervention groups 
and controls. We performed IHC with the microglial marker 
Iba1 (ionized calcium-binding adapter molecule 1) and the 
astrocytic marker GFAP (glial fibrillary acidic protein). IHC 
showed a significantly increased number of Iba1+ cells in stria-
tal tissue both in H21 P = 0.004 and in H100 P = 0.014 com-
pared with controls (C21). In the CA1 area of hippocampus, 

the number of Iba1+ cells was significantly increased when 
comparing both H21 P = 0.009 and H100 P = 0.0002 with con-
trols (C21). In the CA2 area, comparison of H100 and C21 was 
significantly changed P = 0.047 (H21 vs. C21, P = 0.099). In 
CA3, only the difference between H21 and C21 was significant, 
P = 0.031 (H100 vs. C21, P = 0.160) (Figure 1). Densitometric 
quantification, i.e., the mean fluorescent intensity, of the GFAP 
signal in the striatum and the hippocampus did not reveal any 
significant changes between the three groups (H21, H100, and 
C21) (see Supplementary Table S1 online).

Microarray Analysis
On P7, 67 C57BL/6 mice from ten litters, each comprising 
6–10 pups were assigned for gene expression analysis. Totally 
11 mice were excluded, 8 died during hypoxia and 3 were 
excluded due to technical problems. Among the 56 included 
mice, there were no significant weight (hypoxia 3.9 ± 0.4 g, n 
= 38 vs. normoxia 3.9 ± 0.3 g, n = 18) or gender (30 female, 26 
male) differences between the groups. The hypoxia group was 
further randomized to subsequent reoxygenation for 30 min 
with different FiO2 (Figure 2).

In whole forebrain homogenates, 701 out of the 34,670 
probe sets on the microarray chip were found to be differen-
tially expressed in the four hypoxia groups (H21, H40, H60, 
and H100) compared with controls (C21). Among the 24,674 
probe sets with known gene symbols, 458 genes were differen-
tially expressed compared with controls (C21). The number of 
differentially expressed genes was further reduced by setting 
the cutoff criteria at fold change (FC) ≥ 1.2 or < 0.8, ending at 

Figure 1.   Immunohistological analysis. The microglial response after hypoxia–reoxygenation is increased compared with controls in striatum and hip-
pocampus. (a) Illustration of microglia (Iba1+) and astrocytes (GFAP+) in striatal tissue 3 d after hypoxia–reoxygenation (bar = 50 μm). (b) Quantification 
of the total number of Iba1+ cells per square millimeter in striatum, CA1, CA2, and CA3 region of the hippocampus. Striatum: H21 vs. C21, **P = 0.004 and 
H100 vs. C21, *P = 0.014. CA1: H21 vs. C21, **P = 0.009 and H100 vs. C21, †P = 0.0002. CA2: H100 vs. C21, *P = 0.047. CA3: H21 vs. C21,*P = 0.031. GFAP, glial 
fibrillary acidic protein; Iba1, ionized calcium-binding adapter molecule 1.
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201 genes. The distribution in the four hypoxia groups was as 
follows: H21 16.9%, H40 3.0%, H60 37.8%, and H100 42.3% 
(Figure 3a and Supplementary Table S2 online). Compared 
with reoxygenation with air (H21), the three groups receiv-
ing supplemental oxygen had differential expression of 934 of 
the 34,670 probe sets. 545 of the probe sets had known gene 
symbols and the number was further reduced by using cut-
off criteria as above, ending at 141 genes distributed as fol-
lows: H40 0.7%, H60 27.7%, and H100 71.6% (Figure 3b and 
Supplementary Table S3 online).

Hypoxia induced three times more genes with differential 
expression when succeeded by supplemental oxygen (H100 vs. 
C100, 105 genes) rather than by air (H21 vs. C21, 34 genes) 
(Figure 3c and Supplementary Table S4 online). In compari-
son, twice the number of genes were responsive to 30 min of 
hyperoxia per se (C100 vs. C21, 178 genes) than to hypoxia 
followed by hyperoxia (H100 vs. C21 85 genes) in this model 
(Figure 3d and Supplementary Table S5 online). The cut-off 
criteria described above were also used for the two last sections.

Identification of Unique and Jointly Expressed Genes
Comprehensive analysis of the differentially expressed genes 
compared with control after cutoff criteria was applied revealed 
overlapping results between the hypoxia–reoxygenation groups. 
Genes were selected based on their pivotal functions (Figure 4a 
and Table 1). The highest number of jointly expressed genes 
was found between H60 and H100. The H40 group shared 
only a few genes with the three other hypoxia–reoxygenation 
groups (data not shown). When studying hypoxia followed by 
air (H21), hypoxia–reoxygenation with 100% O2 (H100) and 
hyperoxia per se (C100), a distinct gene expression pattern 
appeared after hyperoxia alone compared with when hyperoxia 
was preceded by hypoxia (Figure 4b and Table 1).

Cluster Analysis
The expression patterns of transcripts that showed significant 
changes in at least one of the hypoxic groups compared with 
controls (C21) were hierarchically clustered. The heat map 
shows two major clusters consisting of up- and downregulated 

genes (Figure 5). Several subclusters were observed, which con-
tained genes that displayed similar functions and gene expres-
sion changes. The H100 group displayed two pronounced 
subclusters of genes involved in inflammatory response, intra-
cellular signaling, transcription, and nucleotide binding. In the 
downregulated major cluster, the H100 group displayed a sub-
cluster with genes involved in metal ion binding.

Figure 2.  Experimental design and experimental groups. Clinically relevant statistical comparisons were performed between groups H21, H40, H60, 
H100, C21, and C100. aOut of 67 animals assigned to gene expression analysis, 8 animals died during hypoxia and 3 were excluded due to technical 
problems. FiO2, fraction of inspired oxygen.

C57BL/6 mice (n = 56)a

Postnatal day 7
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 (n = 38)
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Figure 3.  Overall gene expression. (a) BAMarray analysis: the number of 
differentially expressed probe sets with known gene symbol identified 
as up- (white bars) or downregulated (black bars) in the four different 
hypoxia groups, each of them compared with controls (C21) after cutoff 
fold change (FC) ≥ 1.2 or < 0.8 (also applied for b-d). (b) The number of dif-
ferentially expressed probe sets with known gene symbol altered in mice 
reoxygenated with supplemental oxygen compared with mice reoxygen-
ated with air (H21). (c) The effect of hypoxia during reoxygenation with 
either fraction of inspired oxygen (FiO2) 0.21 or 1.00. (d) The effect of 
hypoxia followed by hyperoxic reoxygenation (H100 vs. C21) compared 
with hyperoxia per se (C100 vs. C21).
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Pathways and Functional Categories
Gene Set Enrichment Analysis (GSEA) was performed on 
the preprocessed and normalized data independently of the 
Bayesian ANOVA of microarrays (BAMarray) analysis and 
revealed seven significantly altered pathways on a priori 
selected gene sets with a chosen cutoff false discovery rate q 
value <0.15 in six different comparisons (Table 2). Oxidative 
phosphorylation was the only enriched pathway significantly 
downregulated in both H60 and H100, and 48 out of the 104 
genes were here repressed in both groups (see Supplementary 
Table S6 online).

Validation of the Microarray Results
To validate the microarray data, seven transcripts were ana-
lyzed with RT-PCR in 39 of the same samples used in the 
microarray study (Figure 6). Pearson correlation coefficient 
(r) and belonging P value for the transcripts: Hmox1, Stat3, 
Osmr, Igfr1, Mt2, Cox6a2, and Hdac5 ranged from 0.43 to 0.86 
and from 0.03 to <0.0001, respectively.

DISCUSSION
In this study, we have performed microarray analysis on whole 
forebrain homogenates from P7 mice approximating the late 
preterm infant (16), to determine transcriptional activation or 
repression after hypoxia followed by reoxygenation with graded 
FiO2 supplementation. Our hypoxia model resulted in physio-
logical stress, demonstrated with significant metabolic acidosis 
(17) and cardiac and respiratory changes in line with the defi-
nition of intrapartum fetal asphyxia (18). A significant increase 
of microglial cells was observed after hypoxia–reoxygenation 
both in striatal tissue and in the hippocampal CA1, but with 
no differences between the reoxygenation regimes. The main 
finding of this study was that a considerably higher number of 
genes expressed in the brain were induced by hypoxia followed 
by 30 min of hyperoxic reoxygenation with 60 or 100% O2 as 

compared with those induced by 21 and 40% O2. Pathway ana-
lyzes showed downregulation of oxidative phosphorylation in 
the 60 and 100% O2 groups, indicating a reduced production 
of high-energy phosphates and more severe primary energy 
failure when high levels of supplemental O2 were used during 
resuscitation. When comparing the three hyperoxic groups 
with the group reoxygenated with air, a dose-dependent gene 
expression pattern was revealed. Hyperoxia per se defined a 
unique gene expression pattern compared with when hyper-
oxia was preceded by hypoxia, thus disclosing different tran-
scriptional activations due to these distinct stimuli. Our aim 
was to mimic a global hypoxic insult followed by subsequent 
reoxygenation, to be able to study the sudden reintroduction 
of different FiO2 to hypoxic brain tissue, as done previously 
(19). We therefore avoided ligation of the carotid artery as 
used in the Vanucci model, producing a focal brain injury. 
It is highly important to customize therapy after a hypoxia 
situation at birth followed by resuscitation in regard to insult 
severity and timing, which can be monitored both by imag-
ing and biomarkers. The alteration of cell death pathways and 
response to neuroprotective strategies seem to have different 
effects on focal vs. global hypoxia (20), with the latter being 
independently able to induce oxidative injury in the cerebral 
cortex (21). Nevertheless, the hypoxia–reoxygenation model is 
a milder oxidative insult than HI, and there is evidence that 
this hypoxia-provoked oxidative stress can be counteracted by 
central nervous system protective mechanisms (22). However, 
the antioxidant defenses can be overcome in a hypoxia–reox-
ygenation model, depending on the intensity and/or duration 
of the oxidative stress (23). In the current model, we observed 
no neuronal cell death in any examined region: cortex, stria-
tum, or hippocampus. This is in line with Weber et al. (24) who 
reported no increase in neuronal death even after 8% O2 for two 
8-h periods in the newborn rat brain. Our group has shown 
that 100% O2 increases the extent of cerebral injury when 

Figure 4.  Unique and jointly expressed genes. Venn diagrams indicating the number of differentially, jointly, and uniquely expressed genes identified 
after BAMarray analysis followed by further cutoff fold change ≥ 1.2 or < 0.8. The number of genes unique for each condition is expressed in the outer 
circle. Jointly expressed genes are denoted in the intersections of each condition, and gene expressions changed at all conditions are represented in the 
centered intersection of all circles. (a) The three hypoxia groups compared with controls (C21). Listed genes are upregulated. (b) Hypoxia followed by 
reoxygenation with fraction of inspired oxygen 0.21 (H21 vs. C21) or 1.00 (H100 vs. C21) and hyperoxia per se (C100 vs. C21). Listed genes are colored as 
red for upregulated and blue for downregulated. Full gene name for all genes can be found in  Table 1 and in Supplementary Tables S1-S7 online.
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administered to hypoxemic piglets or rats (8,25). Felderhoff-
Mueser et al. (26) even report that 80% O2 without preceding 
hypoxia induces cell death after a 2-h exposure in the new-
born brain. Despite the lack of neuronal cell death, a microglial 
accumulation was observed here 3 d after hypoxia–reoxygen-
ation. In the developing brain, microglial cells respond rap-
idly to any kind of central nervous system pathology, but the 

degree of activation depends on the severity of the damage as 
reviewed by Vexler and Yenari (6). Our data show increased 
accumulation of microglia (Iba1+ cells) in striatum and hip-
pocampal CA1, irrespective of which reoxygenation regime 
was applied (21 or 100% O2). In contrast to these findings, a 
study in adult rats shows significantly increased Iba1+ cells 
in CA1 after 100% O2 reoxygenation compared with 21% O2 

Table 1.  Genes jointly expressed in different statistical comparisons, and genes unique for singular statistical comparisons

Gene name Gene symbol Function

Statistical comparison

H100–C21 H60–C21 H21–C21 C100–C21

Adenomatosispolyposis coli Apc Tumor suppressor

Alpha-2-macroglobulin A2m Acute phase 
protein

1.4 1.3 1.4

Angiomotin Amot Angiogenesis 1.2

Angiopoietin 2 Angpt2 Angiogenesis 1.3

Apelin Apc Oxidative stress

B-cell linker Blnk Oxidative stress

Calnexin Canx Chaperone 1.7

Centrosomal protein 164 Cep164 Cell cycle 1.2

Chemokine ligand 12 Ccl12 Chemokine 1.5 1.6

Complement component 5a receptor 1 C5ar1 Inflammation 1.3 1.4

C-terminal binding protein 1 Ctp1 Transcription 1.5

Damage-specific DNA binding protein 1 Ddb1 DNA repair 1.2

Dihydropyrimidinase-like 2 Dpsyl Immunity 1.2

EGF, latrophin seven transmembrane domain 1 Eldt 1 Unknown 1.4 1.4 1.6

Glutamat receptor 2b Grin 2b Excitotoxicity 1.2

Heme oxygenase 1 Hmox1 Stress defense 1.6 1.9 1.6

Hexokinase 2 Hk2 Glycolysis 1.3

Histone cluster 1 H3a Hist1h3a Cell cycle 0.7

Histone deacetylase 5 Hdac5 Transcription 1.6 1.6

Insulin-like growth factor 1 receptor Igf1r Development 1.2

Lipocalin 2 Lcn2 Inflammation 1.5 1.6

Low density lipoprotein related protein 1 Lrp1b Neurodevelopment 1.5

Matrix metallopeptidase 13 Mmp13 Angiogenesis 0.8

Matrix metallopeptidase 21 Mmp21 Tumor progression 1.3

Metallothionein 1 Mt1 Stress defense 1.5

Metallothionein 2 Mt2 Stress defense 1.8 2.1

Oligodendrocyte transcription factor 3 Oligo3 Transcription 0.8

Oncostatin M receptor Osmr Inflammation 1.4 1.4

RAB14, member RAS oncogene family 14 Rab14 Vesicular trafficking 1.8

Serine peptidase inhibitor 3 Serpina3 Protease inhibition 1.7

Signal transducers and activators of transcription protein 3 Stat3 Transcription factor 1.3 1.3

SIVA apoptosis- inducing factor pseudogene 1 Siva1 Apoptosis 0.8

Thymine DNA glycosylase Tdg DNA repair 0.7

TRAF3 interacting protein 1 Trafip1 Signal transduction 1.3

Tumor necrosis factor, alpha induced protein 8 Tnfaip8 Apoptosis 0.8

Von Willebrand factor Vwf Inflammation 1.2 1.2

Numbers in space are fold change values. Blank spaces indicate nonsignificance.
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Figure 5.  Cluster analysis. Significantly differentially expressed transcripts were clustered according to similarity in fold change expression in the four 
hypoxia groups vs. controls (C21). Red represents upregulation and blue represents downregulation. The color key indicates the degree of regulation 
in the range of the given values. (a,b) The H100 group displayed two pronounced subclusters among the upregulated transcripts, with genes mainly 
involved in inflammatory response, intracellular signaling, transcription, and nucleotide binding. (c) Downregulation, including genes involved in metal 
ion binding.
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following global cerebral ischemia 7 d after insult (27). Since 
we aimed for a milder oxidative insult, proliferation of microg-
lia increased in a more modest manner as compared with HI in 
the immature brain (28). Astrocytes are affected by microglia 
activation after HI, contributing to excessive release of inflam-
matory mediators which can further intensify the injury (5). 
However, no significant changes in astrocytes density or cell 
death were observed after hypoxia–reoxygenation, suggest-
ing that exposure to modest stimuli triggers the protective 
mechanisms that microglia possess (29). Different signaling 
molecules can stimulate microglia proliferation, many of these 
are directly involved in inflammatory responses e.g., cytokines, 
complement factors, chemokines, and toll-like receptors (5). 
In the current model, transcripts which were significantly 
increased in the microarray analysis were both pro- and anti-
inflammatory. In general, the hypoxia–reoxygenation model 
induced modest differences in the expression of the major-
ity of genes, measured as a FC ranging between 1.1 and 1.5. 
The expression of only a few genes was twofold increased. The 
rationale for including genes displaying such subtle alterations 
in expression levels is based on the knowledge that these genes 
can be of importance because of their biological function and 
involvement in complex pathways. Indeed, it has been shown 
that even a 20% difference in gene expression can be clinically 
significant (30). Transcriptional studies on global hypoxia and 
HI use different cutoff criteria, but both detect inflammatory-
responsive genes (31,32). Moreover, hyperoxic reperfusion can 
trigger additional inflammatory response after hypoxia (7).

Inflammatory Responsive Genes
The hypoxia–reoxygenation model upregulated among others 
heme oxygenase 1 (Hmox1), lipocalin 2 (Lcn2), metallothio-
nein 2 (Mt2), complement component 5a receptor 1 (C5ar1), 
chemokine (C-C motif) ligand 12 (Ccl12), signal transducer 
and activator of transcription 3 (Stat 3), oncostatin M recep-
tor (Osmr), and Von Willebrand factor (Vwf) which can act 
pro- or anti-inflammatory. Microglial cells are activated in 
a graded response to central nervous system stimuli involv-
ing secretion or expression of cytokines and chemokines, 

complement factors, and other inflammatory mediators (5). 
Herein, most expression changes in regards to inflammation 
were identified after hyperoxic reoxygenation with 60 or 100% 
O2, while microglial accumulation was observed in striatum 
and hippocampal CA1 independently of which reoxygenation 
regime being applied (21 or 100% O2). Since the expression 
data are based on whole forebrain homogenates in contrast to 
the IHC performed in brain subregions, this can explain the 
more modest inflammatory response observed after hypoxia 
followed by air.

Oxidative Phosphorylation and Hyperoxic Reoxygenation
Pathway analysis by GSEA of the normalized data identified 
biochemical and functional pathways with altered transcrip-
tion. In particular, the oxidative phosporylation pathway was 
downregulated after reoxygenation with both 60 and 100% O2. 
Downregulated genes were found in each of the five complexes 
constituting this pathway (complex І–V). Hypoxia and/or 
ischemia may both lead to inadequate supplies of glucose and 
oxygen, followed by dose-dependent depletions of high-energy 
phosphates (2). Hyperoxic reoxygenation further impairs  
the oxidative energy metabolism in subregions of the brain 
(33). In line with these findings, our group has shown a slower 
decline in Krebs cycle intermediates in newborn pigs exposed 
to hypoxia followed by reoxygenation with 100% O2 (34). 
Moreover, epidermal growth factor receptor (Egfr) signaling 
pathway was also downregulated after using 100% O2 com-
pared with when room air was applied during reoxygenation. 
Prolonged activation of Egfr may trigger oxidative neuronal 
injury in central neurons (35), and suppression of this pathway 
may be a protective response to hyperoxia.

Excitotoxicity and Repair After Hyperoxic Reoxygenation
The ionotropic glutamate receptor NMDA2B (Grin2b), insu-
lin-like growth factor I receptor (Igfr1r), and damage-specific 
DNA binding protein 1 (Ddb1) are among the genes respond-
ing to reoxygenation with 100% O2. Overactivation of Grin2b 
is linked to impairment of glutamate uptake by glia (3). As 
shown herein, co-expression with Mt2 can be indicative of 

Table 2.  Pathway analysis with FDR q value <0.15

Database Pathways Statistical comparisona Type of regulation FDR q value NES

KEGG DNA replication H21–C21 Downregulated 0.108 −1.60

H60–C21 Downregulated 0.144 −1.57

RNA polymerase H40–C21 Downregulated 0.143 −1.53

Oxidative phosphorylation H60–C21 Downregulated 0.073 −1.57

H100–C21 Downregulated 0.117 −1.64

Gene Ontology Activation of NF-κB transcription factor H21–C21 Upregulated 0.005 2.03

Damaged DNA binding H40–C21 Downregulated 0.047 −1.87

Cell structure disassembly during 
apoptosis

H60–H21 Downregulated 0.125 −1.82

Epidermal growth factor receptor 
signaling

H100–H21 Downregulated 0.089 −1.87

FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes; NES, normalized enrichment score.
aStatistical comparison of group pairs.
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excitotoxic injury. A recent study has demonstrated Mt1/Mt2 
to provide protection against NMDA receptor–mediated oxi-
dative injury (36). Igfr1r functions as the receptor for Igf1. 
Increased Igf1 can be produced by microglia after injury in 
a repair process being supportive and anti-inflammatory 
(6), and no neuronal cell death was observed in the current 
model. Furthermore, Ddb1 is active in nucleotide excision 
repair of bulky, shape-distorting lesions in the DNA double 
helix. Bulky oxidative DNA lesions rapidly accumulate in 

liver and kidney tissue of rats after normal birth, consistent 
with oxidative stress induced by the sudden increase in partial 
oxygen pressure (37). Increased Ddb1 might reflect effects of 
supplementary oxygen on the integrity of DNA, although the 
collective DNA damage response and immediate counterac-
tion of damage is orchestrated by posttranslational protein 
modifications (38). Hyperoxia per se activated a unique gene 
expression pattern compared with when hyperoxia was pre-
ceded by hypoxia. Hypoxia and hyperoxia are the extremes 
in regards of oxygen availability and can induce cell death 
independently (8,26). Herein, hypoxia followed by 100% 
O2 orchestrated several genes overlapping with the other 
hypoxia groups, while the gene profile induced by hyperoxia 
per se differed, calling for other underlying mechanisms.

Limitations of the Study
The current study was restricted to analysis of mRNA expres-
sion levels, without measurements of the actual protein levels 
or enzymatic activities. Moreover, gene expression was stud-
ied at one early time point, revealing only the acute affection 
on gene expression after hypoxia–reoxygenation. We are cur-
rently performing a follow-up study with temporal gene and 
protein expression profiling.

Conclusion
Reoxygenation with 60 or 100% O2 increases brain inflamma-
tory gene expression and decreases expression of genes involved 
in oxidative phosphorylation pathway in the immature brain. 
A hypoxia–reoxygenation event accumulates microglial pro-
liferation in selective vulnerable subregions of the brain. The 
acute transcriptional changes may be of concern after using 
supplementary oxygen, as long-term consequences cannot be 
ruled out. Further studies can add additional insights into the 
mechanisms of the identified genes and pathways related to 
hypoxia–reoxygenation in the newborn brain.

METHODS
Animals
All experiments were approved by the Norwegian Animal Research 
Authority. The animals were cared for and handled in accordance 
with the European Guidelines for Use of Experimental Animals 
by FELASA (Federation of European Laboratory Animals Science 
Association) researchers. C57BL/6 mice were received from the 
Taconic Facility in Tornbjerg, Denmark. Mice were stabled and bred 
at 24 °C on a 12:12 light/dark cycle with access to a diet of pellets and 
water ad libitum. All experiments were performed on P7 mice (day of 
discovery was counted as day 1).

Hypoxia and Reoxygenation Model
Custom-made Lucite chambers were used for hypoxia and reoxy-
genation experiments. Hypoxia was performed with premixed gas: 
8% oxygen balanced in nitrogen (Yara, Oslo, Norway). Following 
hypoxia, reoxygenation with different FiO2 levels (0.21, 0.40, 0.60, and 
1.00) was performed simultaneously in separate chambers. During 
reoxygenation, FiO2 was monitored with conventional oxygen mix-
ers. Constant atmospheric pressure was maintained by a continuous 
supply of 0.5 l/min and open outlets. CO2 concentrations were <0.3%. 
The temperature in the chambers was kept constant at 35 ± 0.5 °C by 
floor heating and humidity was maintained at 40–50% with an open 
water source. Pups were separated from their dams throughout the 
experiment. Mice were not anesthetized or restrained.

Figure 6.  Validation of microarray results by RT-PCR. Relative quantifica-
tion (RQ) signal levels of seven selected transcripts determined by micro-
array (black bars) compared with levels as determined by RT-PCR (white 
bars). (a-g) The data are expressed as mean fold change and the error bars 
are SEM for each hypoxia group (H21, H40, H60, and H100) compared with 
controls (C21, dotted line). Pearson correlation coefficient and belonging 
P value are calculated for each gene. (a) Hmox1 (r = 0.74; P < 0.0001), (b) 
Stat3 (r = 0.64; P = 0.0001), (c) Osmr (r = 0.48; P = 0.007), (d) Igfr1 (r = 0.79; P 
< 0.0001), (e) Mt2 (r = 0.86; P < 0.0001), (f) Cox6a2 (r = 0.76; P < 0.0001), and 
(g) Hdac5 (r = 0.43; P = 0.03).
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Validation of the Model
Morphology.  To validate the hypoxia–reoxygenation model, hema-
toxylin and eosin staining and immunohistochemical analysis were 
performed in P7 mice from four litters (n = 22), randomized to 
hypoxia (FiO2 0.08, H, n = 16) or normoxia (FiO2 0.21, C21, n = 6) 
for 120 min. The hypoxia group was further randomized to subse-
quent reoxygenation for 30 min with FiO2 0.21 (H21, n = 8) or 1.00 
(H100, n = 8). Following 150-min survival in air, pups were returned 
to their dam for observation. After 3 d, mice were anesthetized with 
a single dose of fentanyl/fluanisone and midazolam subcutaneously 
and transcardially perfused with phosphate-buffered saline followed 
by 4% paraformalaldehyde. Coronal tissue blocks (0.5-cm thick) were 
dehydrated, embedded in paraffin, and sliced into 4-μm thick sec-
tions. To determine apoptosis and/or necrosis, a pathologist blinded 
to the experimental groups assessed hematoxylin and eosin–stained 
brains in the regions of interest: hippocampus, cortex, and stria-
tum. Immunostaining was performed as previously described (28). 
The primary antibodies and dilutions used were mouse anti-GFAP 
1:400 (G3893; Sigma, St.Louis, MO) and rabbit anti-Iba1 1:2000 
(019-19741, Wako, Richmond, VA). Secondary antibodies were 
Alexa Fluor 594 (A11005) and Alexa Fluor 488 (A11008) (Invitrogen, 
Grand Island, NY), both used in a 1:5,000 dilution. For negative con-
trol staining, normal mouse and rabbit IgG were used as primary 
antibodies. Images of the slides were captured using a Nikon Eclipse 
E400 (Nikon Instruments, Melville, NY). Two predetermined regions 
from striatum and three from hippocampus (CA1, CA2, and CA3) 
were captured under identical settings. All images were processed and 
quantified using ImageJ 1.42q software (National Institutes of Health, 
Bethesda, MD). Densitometric measurements by ImageJ were used 
for identifying GFAP+ cells, and manually cell counting was applied 
for Iba1+ cells, which were counterstained with 4′,6 diamidino-2-
phenylindole (Sigma) for identification.

Microarray Experiment
Sixty-seven P7 mice from 10 different litters were randomized to 
hypoxia or normoxia for 120 min. Eight died during hypoxia and 
three were excluded due to technical problems and finally 56 were 
included in the analysis. The hypoxia group was further random-
ized to subsequent reoxygenation for 30 min with FiO2 0.21 (H21, 
n = 9), 0.40 (H40, n =10), 0.60 (H60, n = 10), or 1.00 (H100, n = 
9), whereas the normoxia group was randomized to either FiO2 0.21 
(C21, n = 9) or 1.00 (C100, n = 9). Following 150 min of survival 
in air, decapitation and rapid dissection on ice was performed. The 
olfactory bulb and the cerebellum were removed, and the forebrain 
was subsequently preserved in RNA later stabilization reagent at −20 
°C (Qiagen, Hilden, Germany). RNA extraction was performed as 
described previously (17).

Microarray Analysis
One hundred nanograms of total RNA was used for each of the 
56 microarray experiments, using Mouse Gene 1.0 ST Arrays 
(Affymetrix, Santa Clara, CA) containing 750,000 unique 25-mer 
oligonucleotides constituting over 28,000 gene-level probe sets. 
Microarray analysis was performed according to the manufacturer’s 
protocol (GeneChip Whole Transcript sense Target Labeling Assay 
Manual, version 4), and described previously (17). For further statis-
tical analysis, **.cel files generated by GeneChip Operating Software 
(Affymetrix) were used (see Supplementary Methods online).

Primer Design and Real-Time RT-PCR
RT-PCR was performed on the 39 samples (H21; n = 8, H40; n = 6, 
H60; n = 7, H100; n = 9, C21; n = 9) with sufficient cDNA left, to 
verify the differentially expressed transcripts detected by microar-
ray. Primers were designed for each transcript (Hmox1, Stat3, Osmr, 
Igf1r, Mt2, Cox6a, and Hdac5) using Primer Express 3.0 Software 
(Applied Biosystems, Grand Island, NY) (see Supplementary Table 
S7 online). Total mRNA was extracted, reverse transcribed, ampli-
fied, and analyzed as described previously (17). Briefly, RT-PCR was 
performed with 50 ng of cDNA and 400 nmol/l primers for the target 
genes and reference gene PPIA (peptidylprolyl isomerase A). Data 
were analyzed by the comparative Ct method of relative quantifica-
tion (RQ) (2−∆∆Ct). Cycle threshold (Ct) values of the target transcripts 

were normalized to Ct values of the PPIA gene in the same sample, 
resulting in ∆Ct Sample. ∆Ct calibrator was calculated from the aver-
age ∆Ct in the nine controls in the C21 group. RQ is defined as 2−∆∆Ct, 
where ∆∆Ct = ∆Ct sample−∆Ct calibrator.

Statistical Analysis
A two-tailed t-test was used in the validation experiment of the model. 
Pearson correlation was used to examine the correlation between the 
RT-PCR and microarray results, using FC relative to mean of C21 
group for each individual. GraphPad Prism versions 5.01 and 6.01 
(Graph Pad Software, San Diego, CA) were used for designing graphs 
and calculations.

The microarray data were preprocessed using the R/Bioconductor 
package Robust Multiarray Average (RMA) (Fred Hutchinson Cancer 
Research Center, Seattle, WA) as previously described (17). In RMA, 
raw intensity values are background corrected, log2 transformed and 
then quantile normalized, before an additive linear model is applied 
to the normalized data. The results are an expression measure for each 
probe set on each array. Arrays were preprocessed together to ensure 
comparability across conditions.

The BAMarray method was used to identify differentially expressed 
genes as previously described (17). This method balances the number 
of falsely detected genes and falsely nondetected genes, i.e., it con-
trols both the false discovery rate and the false nondiscovery rate. The 
cutoff value that results in an optimal balance is determined auto-
matically from the data, contrary to most other software packages 
that require the users to specify a cutoff value for the test statistic. 
In BAMarray, the expression values for all probe sets are taken into 
account and results in a list of differentially expressed probe sets or 
genes as indicated by their known gene symbol. To reduce the num-
ber of genes to be further studied, cutoff criteria was set at FC ≥ 1.2 
or < 0.8.

In the cluster analysis, genes were clustered according to similar-
ity in expression values. Average FC for genes being significantly 
expressed in at least one of the four hypoxia groups vs. controls (C21) 
were clustered using Pearson correlation as distance measure.

 GSEA is a method to determine whether a set of a priori defined 
gene sets is significantly enriched in one group compared with 
another and was applied as earlier described (17). The GSEA analy-
sis was performed for the probe sets with known gene symbol only, 
and the median of the probe set intensities was used for probes 
sharing gene symbols. The gene sets were selected among the Gene 
Ontology and Kyoto Encyclopedia of Genes and Genomes pathway 
database (KEGG) gene sets available in the Molecular Signatures 
Database (MSigDB v2.5). A weighted Kolmogorov–Smirnov-like 
statistic was calculated for each gene set, and statistical significance 
was assessed by permutation tests. To adjust for multiple hypotheses 
testing when several gene sets are considered, the false discovery 
rate is controlled.

All microarray data are MIAME compliant and the following link 
has been created to allow review of the data in Gene Expression 
Omnibus (GSE32500).

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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