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Effects of delayed HIF-1α expression in astrocytes on myelination 
following hypoxia-ischaemia white matter injury in immature rats

Min-Jie Wang1,2#^, Zhi-Hua Li1,2#, Rui-Wei Gao1,2, Qiu-Fan Chen2, Jie Lin2, Mi-Li Xiao1,2, Ke Zhang1,2, 
Chao Chen1,2

1Department of Neonatology, Children’s Hospital of Fudan University, Shanghai, China; 2Key Laboratory of Neonatal Disease, Ministry of Health, 

Shanghai, China

Contributions: (I) Conception and design: C Chen, MJ Wang; (II) Administrative support: C Chen, ZH Li; (III) Provision of study materials or 

patients: MJ Wang, RW Gao, QF Chen; (IV) Collection and assembly of data: MJ Wang, J Lin; (V) Data analysis and interpretation: ZH Li, ML 

Xiao, K Zhang; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.
#These authors contributed equally to this work.

Correspondence to: Chao Chen, PhD. Department of Neonatology, Children’s Hospital of Fudan University, No. 399, Wanyuan Road, Minhang 

District, Shanghai 201102, China. Email: chaochen@fudan.edu.cn.

Background: The underlying cause of neurological sequelae after immature cerebral hypoxia-ischaemia 
(HI) white matter injury is impaired myelination. Previous studies have indicated that astrocyte activation is 
closely related to impaired myelination. However, the mechanism of reactive gliosis in white matter injury 
post-HI remains poorly understood. 
Methods: Studies using adult ischaemic animal models demonstrated that hypoxia inducible factor-
1α (HIF-1α) expression was involved in the formation of reactive astrocytes. Here, we investigated the 
temporal expression of HIF-1α and its impact on reactive gliosis and further myelination using a perinatal 
HI white matter injury model induced in rats at postnatal day 3. The temporal pattern of HIF-1α expression 
post-HI injury was tested by western blotting and immunofluorescence. Rats were treated with a HIF-1α 
inhibitor at 72 hours post-HI injury. Reactive gliosis and myelination were assessed with western blotting, 
immunofluorescence and electron microscopy, and neurological functions were examined by behavioural 
testing. 
Results: Our results showed that the expression of HIF-1α was upregulated in neurons at 24 hours and in 
astrocytes at 7 days post-HI. Inhibiting delayed HIF-1α expression post-HI injury could restrain reactive 
gliosis, ameliorate hypomyelination, and improve the performance of rats in the Morris water maze test. 
Conclusions: Our findings suggest that a delayed increase in HIF-1α in astrocytes is involved in glial 
scar formation and leads to arrested oligodendrocyte maturation, impaired myelination, and long-term 
neurological function after experimental white matter injury in immature rats.
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Introduction

Preterm infants are particularly susceptible to cerebral white 
matter injury, especially those with a gestational age of less 
than 28 weeks (1), while their mortality has decreased with 
the development of neonatal care (2). Advances in the care 
of preterm infants have resulted in a sustained reduction 
in the severity of injuries, which has resulted in a shift 
from more severe focal necrotic lesions to milder diffuse 
and microscopic white matter injury related to disrupted 
functional connectivity and microstructure (3,4). Previous 
studies have demonstrated that altered functional network 
connectivity, especially in the corpus callosum area, lasts 
until adolescence and correlates with a broad spectrum of 
cognitive and neurological deficits (5-7).

The key stage of the development of white matter, 
especially the proliferation and differentiation of 
oligodendrocyte precursor cells (OPCs) and immature 
oligodendrocytes, in rodents is mainly during the first 
2 postnatal weeks, whereas in humans, it is mostly 
between 23 and 32 weeks of gestation (8,9). Given the 
perinatal asphyxia, respiratory and circulatory failure 
and other complications induced by immature lung and 
heart development, the brains of preterm infants at the 
gestational age of 23–32 weeks are more likely to suffer 
hypoxia and ischaemia. Due to the maturation-dependent 
vulnerability of the oligodendrocyte lineage to hypoxia-
ischaemia (HI), OPCs are particularly susceptible to HI 
injury and die during the early phase of injury, followed 
by rapid regeneration (9,10). However, these regenerated 
OPCs display arrested maturation and fail to differentiate 
into mature oligodendrocytes, resulting in abnormal  
myelination (9,11).

Many studies have shown that reactive astrocytes have an 
impact on oligodendrocyte maturation through a paracrine 
mechanism involving cytokines (12,13) and macromolecular 
substances that constitute the extracellular matrix, such 
as chondroitin sulphate proteoglycans (CSPGs) (14). Our 
previous work demonstrated that enhanced degradation of 
CSPGs in the white matter region via chondroitinase ABC 
(cABC) could ameliorate hypomyelination after HI injury 
in immature rats (15). However, the mechanism of reactive 
gliosis in white matter injury post-HI remains poorly 
understood.

Hypoxia inducible factor-1α (HIF-1α) is a master 
transcription factor controlling oxygen homeostasis and 
is essential in cellular adaptation to hypoxia (16). Many 
studies have shown the strong neuroprotective effect of 

HIF-1α against hypoxia and ischaemia, but most of them 
have focused on neurons. Given the pathology of white 
matter injury in the immature brain, the role of HIF-1α  
in neuroglia should be different. A neonatal mouse 
model of chronic hypoxia found that constitutive HIF-1α 
stabilization resulted in OPC maturation arrest (17). Some 
studies examining astrocytes using adult ischaemic animal 
models demonstrated that HIF-1α expression was involved 
in the formation of reactive astrocytes (18,19).

In this study, we hypothesized that HIF-1α was also 
involved in reactive gliosis in our HI white matter injury 
model of immature rats, contributing to arrested OPC 
maturation and impaired myelination. However, HIF-1α 
still plays an important role in the adaptation of cells to 
hypoxia, indicating that it may play different roles in a time-
dependent manner in white matter injury post-HI.

We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-21-407/rc).

Methods

Animals

Experiments were approved by the Research Ethics Board of 
the Children’s Hospital of Fudan University (No. 2016-06),  
and rats were treated in accordance with the National 
Institutes of Health (NIH) Guide for the Care and Use 
of Laboratory Animals. Pregnant female Sprague-Dawley 
rats at gestational day 16 were purchased from Sippr-BK 
Laboratory Animal Limited Company (Shanghai, China) 
and maintained in temperature-, humidity-, and light-
controlled conditions with free access to food and water. 
Following delivery, litter sizes were adjusted to 10-12 pups 
per litter to normalize pup weights. Pups were raised by the 
dam before and after modelling.

White matter injury of immature rats

White matter injury of immature rats was induced in 
3-day-old SD rats (P3, day of birth = P0) as previously  
described (20). Briefly, the littermate pups were assigned to 
injury group and sham group with balanced sex-ratio and 
weights. The pups assigned to injury group were underwent 
right common carotid artery ligation after anaesthetization 
with isoflurane. After a recovery period of 90 min, the pups 
were placed in a closed containers that were submerged in a 
water bath to maintain the temperature at 37 ℃. To induce 
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moderate injury, we perfused the container with a mixture 
of nitrogen and oxygen with a concentration of 6% oxygen 
for 150 min. The littermate sham pups underwent isolation 
of the right common carotid artery without ligation or 
exposure to hypoxia. The pups were randomly assigned to 
experimental groups after injury.

Drug administration

We used 2-methoxyestradiol (2-ME) (Selleck, USA) to 
inhibit HIF-1α. The timing of administration was selected 
based on the expression pattern of HIF-1α post-HI injury 
in the corpus callosum, and the dose and route were 
tested and determined as described elsewhere (21) and 
according to the survival rate of the pups. The protocol 
for drug administration was as follows. First, 2-ME was 
dissolved in a mixture solution of 70% saline and 30% 
dimethylsulfoxide (DMSO) and applied at a dose of 5 mg/kg  
by intraperitoneal injection at 72 h after HI injury 
according to the grouping (C+M3 and H+M3). The blank 
groups received intraperitoneal injections of a mixture of 
70% saline and 30% DMSO at the same volume and time 
(C+B3 and H+B3).

Western blotting

For western blotting, rats at different time points post-
HI injury were sacrificed after deep anaesthetization, and 
the right corpus callosum was dissected carefully. Tissue 
was lysed by a tissue lyser (JingXin, China) in T-PER 
tissue protein extraction reagent (78510) containing 
Halt protease inhibitor cocktail (87785) according to 
the manufacturer’s instructions (Thermo, USA). Protein 
concentrations were determined using a BCA Protein Assay 
kit (Beyotime, China). Equal amounts of protein extract 
were resuspended in SDS-PAGE sample loading buffer 
(Beyotime), separated by SDS-PAGE and transferred to 
nitrocellulose membranes. Nonspecific protein binding 
was blocked by incubation of nitrocellulose sheets in Tris-
buffered saline containing 0.1% Tween-20 (TBST) and 7% 
nonfat milk for 2 h at room temperature. The membranes 
were then incubated with the following primary antibodies: 
HIF-1α (1:500; Novus Biologicals, USA), MBP (1:1,000; 
BioLegend, USA) and β-actin (1:5,000; OriGene, USA) 
overnight at 4 ℃. The following day, the membranes were 
incubated with HRP-conjugated goat anti-mouse antibody 
(Absin, China) at room temperature for 1 h after three 
15 min washes with TBST and then rinsed three times 

with TBST for 15 min. Immunoreactivity was detected 
by enhanced chemiluminescence (ECL) detection using 
the SuperSignal kit (Thermo, USA) according to the 
manufacturer’s instructions.

Histology and immunofluorescence

Rats were deeply anaesthetized and perfused transcardially 
with saline followed by 4% paraformaldehyde (PFA). Whole 
brains were rapidly dissected and postfixed at 4 ℃ in 4% 
PFA and in a solution containing 4% PFA and 20% sucrose 
for 24 h each and then immersed in a solution containing 
30% sucrose in PB. For frozen sections, the brains were 
frozen in an embedding Tissue-Tek OCT matrix (Sakura 
Finetek, USA) at −80 ℃, and coronal sections (30 μm) were 
prepared using a cryostat (CM1950, Leica, Germany) and 
cryoprotected in solutions containing 30% sucrose and 
30% ethanediol in PB. For histological examination, the 
sections were stained with haematoxylin and eosin and 
imaged using a stereomicroscope (SZX16, Olympus, USA). 
For immunofluorescence, the sections were fixed with 4% 
PFA for 10 min, permeabilized with 0.2% Triton X-10 and 
treated with 10% donkey serum in PBS for 1 h to block 
nonspecific binding. The sections were incubated overnight 
at 4 ℃ with the following primary antibodies developed in 
different species and diluted in 5% donkey serum: mouse 
anti-MBP (1:200; BioLegend), rabbit anti-NFH (1:5,000; 
Abcam, UK), mouse anti-HIF-1α (1:50; Novus Biologicals), 
rabbit anti-GFAP (1:200; Abcam), rabbit anti-NeuN 
(1:50; CST, USA), mouse anti-CC1 (1:100; Millipore, 
USA), rabbit anti-Olig2 (1:1,000; Novus Biologicals), and 
mouse anti-CS-56 (1:100; Sigma, USA). The following 
day, the sections were washed and incubated for 1 h at 
room temperature with secondary antibodies against the 
appropriate species: donkey anti-mouse IgG Cy2 (1:500; 
Jackson ImmunoResearch, USA), goat anti-rabbit IgG 
Cy3 (1:500; Jackson ImmunoResearch, USA), and goat 
anti-mouse IgM 488 (1:500; Abcam, UK). Fluorescence 
images were collected using a confocal laser microscope 
system (TCS-SP8, Leica). ImageJ (US National Institutes 
of Health) was used for quantitative analysis of fluorescent 
signals.

Electron microscopy

At P42, rats were deeply anaesthetized and perfused briefly 
with saline followed by glutaraldehyde (BP0130, Bios 
Biology, China). Whole brains were embedded in fixative 
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(G1102, Servicebio, China) at 4 ℃ for 4 h, and the right 
corpus callosum was dissected carefully and fixed in fresh 
fixative overnight at 4 ℃. Ultrathin sections were double-
stained with uranyl acetate and lead citrate for electron 
microscopy imaging. For analysis of the myelination of the 
corpus callosum, the outer axon parameter was divided by 
the parameter of the associated myelin sheath to calculate 
the myelin g-ratios in cross-sections of the corpus callosum. 
High ratios indicate hypomyelination. Measurements were 
made on electron micrographs using ImageJ and the g-ratio 
plug-in (http://www.gratio.efil.de/) from 4–6 rats per group 
(at least 50 myelinated axons per animal).

Behavioural testing

At P35, before any of the behavioural tests, all rats were 
familiarized with the testing environment and investigator 
for 1 week to eliminate the effect of nonspecific irritation. 
Morris water maze test includes navigation trials and space 
probe trials to examine learning and memory function. A 
navigation trial was performed from P43 to P46 in a specific 
pool with the water depth remaining 1 cm above the 
platform. The swimming distance and latency to board the 
platform from the 4 quadrants of the pool were assessed, 
and the mean distance and latency of each rat per day were 
recorded. A space probe trial was performed at P48, and 
each rat was placed in the water in the farthest quadrant 
from the platform after removing the platform. The 
swimming path of each rat for 30 s after entering the water 
was analysed to assess the percentage of time in the target 
quadrant and the number of times the animal crossed the 
old platform.

Statistical analysis

Raw data from ImageJ analyses and behavioural tests 
were imported into SPSS Statistics 20.0 (IBM, USA) for 
statistical analyses using Student’s t-test or ANOVA. The 
results are expressed as the mean ± SEM. Graphs were 
produced in Prism 8. A value of P<0.05 was considered 
statistically significant.

Results

Brain tissue injury and abnormal myelination in the rat 
model of P3 HI injury 

Initially, histopathological analyses of haematoxylin and 

eosin (H-E)-stained brain sections were performed at 14 d  
post-HI (P17) (Figure 1A). We found a disorganized 
structure and decreased cell density in the corpus callosum 
area of the HI-exposed ipsilateral side. To determine 
whether the observed structural change was caused by 
abnormal myelination rather than neuronal degeneration, 
we performed MBP (mature oligodendrocyte marker) and 
NFH (mature neuron marker) double staining on brain 
sections 14 d post-HI. As expected, we found that the signal 
intensities of MBP but not NFH in the ipsilateral corpus 
callosum decreased (Figure 1B), and the ratio of MBP/NFH 
significantly declined (Figure 1C) in the HI injury group, 
indicating hypomyelination (0.929±0.086 vs. 0.502±0.068, 
P=0.039).

Temporal pattern of HIF-1α expression after HI injury

To explore the temporal expression of HIF-1α in the 
ipsilateral corpus callosum after HI injury, we performed 
western blotting at 12 h, 24 h, 36 h, 72 h, 7 d, and 14 d post-
HI injury. We found that the expression of HIF-1α increased 
from 12 h (by 1.49 times) to 24 h (by 2.11 times) post-
injury, decreased quickly at 36 h post-HI, was upregulated 
again from 72 h to 7 d (by 2.14 times), and declined to the 
control level at 14 d post-injury (P=0.027 at 12 h, 0.009 at 
24 h, and <0.001 at 7 d) (Figure 2A). Immunofluorescence 
was performed to further investigate the temporal pattern 
of HIF-1α expression. We found that HIF-1α could 
barely be detected in the control group (Figure 2B).  
In accordance with Figure 2A, we found that the signal 
intensities of HIF-1α in the HI-exposed ipsilateral corpus 
callosum at 24 h and 7 d post-HI injury were significantly 
elevated (P=0.024 at 24 h, and 0.024 at 7 d) (Figure 2C,2D). 
Double staining was performed to evaluate the sources of 
HIF-1α. We found that HIF-1α colocalized with NeuN (+) 
neurons instead of Olig2 (+) oligodendrocytes or GFAP (+) 
astrocytes at 24 h post-HI injury (Figure 2E), while HIF-
1α expression appeared in astrocytes at 72 h post-HI injury 
and mainly colocalized with astrocytes at 7 d post-HI injury 
(Figure 2F,2G). These results suggested that the effect of the 
HIF-1α increase at different time points after HI injury in 
the ipsilateral corpus callosum should be different.

Effect of delayed HIF-1α increase on myelination and 
gliosis

To investigate the effect of delayed increase in HIF-1α 

http://www.gratio.efil.de/
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after HI injury, we inhibited HIF-1α using 2-ME at 72 h 
post-injury (Figure 3A) and found the expression of HIF-
1α at 7 days post injury decreased significantly (Figure 3B).  
Myelination, oligodendrocyte maturation, and gliosis 
were assessed at 14 days post-HI (P17) by western blots 
and immunofluorescence (Figure 3A). We found the 
expression of MBP increased dramatically in the late 
HIF-1α inhibition group (H+M3) at 14 d post-HI injury 
compared to the blank HI group (H+B3) (0.941±0.067 vs. 
0.632±0.083, P=0.033) (Figure 3C). The increase in MBP 
expression in the late inhibition group was also proven by 
immunofluorescence (0.899±0.052 in H+M3 vs. 0.509±0.068 
in H+B3, P=0.021), indicating the improvement of 
myelination (Figure 3D). In addition, we found that the 
percentage of CC1 (+) Olig2 (+) mature oligodendrocytes in 
the Olig2 (+) oligodendrocytes in the late HIF-1α inhibition 
group (87.50%) was significantly higher than that in the 
HI group (70.40%) (P<0.001), indicating that late HIF-1α  
inhibition could improve oligodendrocyte maturation 

(Figure 3E). Since late-onset HIF-1α expression mainly 
appeared in astrocytes, we hypothesized that it should be 
involved in reactive gliosis after immature white matter 
injury. Double staining with CS-56 (anti-chondroitin sulfate 
antibody) and GFAP (Figure 4A) revealed more astrocyte 
activation (1,403±129 vs. 805±69, P=0.019, Figure 4B) and 
gliosis (36,969±2,632 vs. 21,180±601, P=0.004, Figure 4C) 
in the HI-exposed ipsilateral corpus callosum compared 
to those in the control group. However, the expression 
of GFAP (791±121 vs. 1,403±129, P=0.017, Figure 4B) 
and CSPGs (20,909±1,782 vs. 36,969±2,632, P=0.006,  
Figure 4C) decreased dramatically in the late inhibition 
group in contrast to the blank HI group, suggesting a 
late HIF-1α increase in astrocytes involved in astroglial 
activation and reactive gliosis after HI white matter injury. 
Combined with our previous studies (15), these results 
suggested that the improvement in myelination and 
oligodendrocyte maturation after late inhibition of HIF-1α 
could be partly related to reduced reactive gliosis.

Figure 1 Brain tissue injury and abnormal myelination in the P3 HI injury rat model. (A) Representative pictures of H-E staining in the 
ipsilateral corpus callosum at 14 d post injury (P17). Scale bar: 500 μm (top), 100 μm (middle), 50 μm (bottom). (B) Representative pictures of 
immunofluorescence stained with MBP (green) and NFH (red) in the ipsilateral corpus callosum at 14 d post injury (P17). Scale bar: 50 μm.  
(C) The ratio of the MBP and NFH signal intensities. Values were shown as mean ± SEM; n=3–4/group; *, P<0.05 by t-test.
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Figure 2 Temporal pattern of HIF-1α expression in the ipsilateral corpus callosum after HI injury. (A) Western blot quantification of 
HIF-1α protein in the ipsilateral corpus callosum at different time points post HI injury. n=6–8/group. (B) Representative pictures of 
immunofluorescence of HIF-1α in the ipsilateral corpus callosum at 24 h, 72 h, 7 d, and 14 d post HI injury. (C,D) Quantification of HIF-1α 
intensities at 24 h and 7 d post HI injury. (E-G) Representative pictures of immunofluorescence stained with anti-HIF-1α (green) and anti-
Olig2 (red), anti-GFAP (red) or anti-NeuN (red) antibodies in the ipsilateral corpus callosum at 24 h, 72 h, and 7 d post HI injury. Scale 
bars in (B): 100 μm; in (E): main images, 30 μm, insets 5 μm; in (F) and (G): main images, 100 μm, insets, 10 μm; n=3–4/group. Values were 
shown as mean ± SEM; *, P<0.05; **, P<0.01; ***, P<0.001 by t-test.

A

E

B

F

G

C D

H
IF

-1
α  

le
ve

l (
flo

d 
ch

an
ge

 
vs

. c
on

tr
ol

)

H
IF

 in
te

si
ty

 (A
U

)  
(2

4 
h 

po
st

 H
I)

H
IF

 in
te

si
ty

 (A
U

)  
(7

 d
 p

os
t H

I)

3

2

1

0

4000

3000

2000

1000

0

15000

10000

5000

0

H
IF

/O
lig

2

H
IF

/O
lig

2

H
IF

/G
FA

P

H
IF

/G
FA

P

H
IF

/N
eu

N

H
IF

/N
eu

N

C
on

tr
ol

C
on

tr
ol

Control
HI

C
on

tr
olH
I

H
I

H
I

*

*

*

** ***

24 h

Time points post Hl

24 h post Hl 72 h post Hl

7 d post Hl

12
 h

24
 h

36
 h

72
 h 7 
d

14
 d

72 h 7 d 14 d

100 μm

100 μm

30 μm

30 μm

30 μm

100 μm

100 μm

100 μm



Wang et al. Effects of HIF-1α expression in astrocytes on myelination26

© Translational Pediatrics. All rights reserved.    Transl Pediatr 2022;11(1):20-32 | https://dx.doi.org/10.21037/tp-21-407

Figure 3 Effect of late-onset HIF-1α increase on myelination. (A) Timeline of the experimental paradigm of HI injury, intervention, 
and detection. (B) Representative western blot image and quantification of HIF-1α expression at 7 days post injury after 2-ME injection.  
(C) Western blot images and quantification of MBP on 14 d post injury after late HIF-1α inhibition. n=8-10/group. (D) Representative 
pictures of immunofluorescence stained with MBP (green) and NFH (red) in the ipsilateral corpus callosum and the ratio of MBP and NFH 
signal intensities at 14 d post injury after late HIF-1α inhibition. (E) Representative pictures of immunofluorescence stained with CC1 (mature 
oligodendrocyte marker) (green) and Olig2 (oligodendrocyte marker) (red) in the ipsilateral corpus callosum and the percentage of CC1 (+) 
Olig2 (+) cells of Olig2 (+) cells at 14 d post injury after late HIF-1α inhibition. Scale bar: 100 μm; n=3–4/group. Values were shown as mean 
± SEM; *, P<0.05; ***, P<0.001 by ANOVA followed by Tukey’s post hoc test. C+B3: control with blank injection group, C+M3: control 
with 2-ME injection group, H+B3: HI injury with blank injection group, H+M3: HI injury with 2-ME injection group.
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Figure 4 Effect of late-onset HIF-1α increase on astrocyte activation and gliosis. (A) Representative picture of immunofluorescence stained 
with CS-56 (CSPGs marker) (green) and GFAP (red) in the ipsilateral corpus callosum. (B) Quantification of GFAP intensity at 14 d post 
injury after late HIF-1α inhibition. (C) Quantification of CSPGs intensity at 14 d post injury after late HIF-1α inhibition. Scale bar: 100 μm; 
n=3–4/group. Values were shown as mean ± SEM; *, P<0.05; **, P<0.01 by ANOVA followed by Tukey’s post hoc test.
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Inhibiting delayed HIF-1α expression attenuated 
hypomyelination and ameliorated long-term neurological 
functions

Based on the extent of improved oligodendrocyte 
maturation and reduced gliosis, we hypothesized that late 
inhibition of HIF-1α would attenuate abnormal myelination 
and ameliorate neurological function after HI injury in the 
long term. Ultrastructural analysis by electron microscopy 
of the corpus callosum revealed fewer myelin wraps in the 
HI group, while myelin appeared more tightly wrapped in 
the control group and the late inhibition group (HI+M3) 
(Figure 5A). Further measurement and analysis of electron 
micrographs revealed that the myelin sheaths around all 
sizes of axons, as assessed by the g-ratio and axon parameter, 
were markedly thicker in the late HIF-1α inhibition group 
than in the HI groups (g-ratio: 0.787±0.002 vs. 0.831±0.002, 
P<0.001) (Figure 5B-5D), indicating improved myelin 
development.

For analysis of whether the observed myelin structural 
improvement obtained with late HIF-1α inhibition 
translated to ameliorated long-term neurological functions, 
rats were subjected to Morris water maze tests. Morris 
water maze test is one of the most widely used tests for 
the assessment of spatial learning and memory, which 
are associated with cognitive function. In the navigation 
trial, rats in each experimental group exhibited learning, 
as proven by the escape latency and swimming distance 
decreasing over the training time. The HI group rats 
displayed long-term learning deficits, as the escape latency 
and swimming distance were significantly longer than those 
of the control group, while the late inhibition group had a 
significantly shorter escape latency (P=0.039 at day 1, 0.010 
at day 2, 0.005 at day 3, and 0.046 at day 4) and swimming 
distance (P=0.021 at day 1, 0.008 at day 2, 0.007 at day 3, 
0.039 at day 4) from the first day to the end, than the HI 
group (Figure 5E,5F). After 4 days of training, the rats were 
assessed in the swimming pool where they were trained 
for 4 days after withdrawing the underwater platform for 
memory evaluation. Relative to those in the control group 
(42.43%±2.56%), the rats in the HI group (28.83%±2.29%) 
spent less time in the target quadrant (P=0.004) and had 
fewer platform crossings (P<0.001). In contrast, the rats in 
the late inhibition group (38.02%±3.31%) displayed much 
more time in the target quadrant (P=0.035) and crossings 
(2.667±0.333) compared with the HI group (1.286±0.421) 
(P=0.019) (Figure 5G-5H). These results demonstrated 
that impaired spatial memory and cognitive HI injury were 
relieved by late HIF-1α inhibition.

Discussion

We previously demonstrated that CSPGs inhibited both 
the maturation of oligodendrocytes and the process of 
myelination after HI white matter injury. Treatment with 
cABC could promote myelin formation and cognitive 
development (15). However, the mechanism of reactive 
gliosis in white matter injury post-HI remains poorly 
understood. Here, we tested the expression of HIF-1α at 
different time points after HI-evoked white matter injury 
and found early-onset expression of HIF-1α in neurons 
and late-onset expression in astrocytes. In addition, we 
demonstrated that inhibiting delayed upregulation of 
HIF-1α could ameliorate reactive gliosis and improve 
myelination and cognition after HI-induced white matter 
injury. These findings help elucidate the role of astrogliosis 
in HI white matter injury and suggest that inhibiting 
delayed HIF-1α elevation may repair this type of lesion.

HIF-1α is one of the best-studied transcription factors in 
various hypoxia- and ischaemia-associated diseases, such as 
cerebral infarction and myocardial infarction, and controls 
the expression of a multitude of genes. Due to immature 
lung and heart development, the brains of preterm infants 
are more likely to suffer hypoxia and ischaemia, suggesting 
that HIF-1α might play an important role in white matter 
injury in preterm infants. In a 7-day rat model of HI brain 
injury, researchers found that the HIF-1α protein levels in 
the cortex remained unchanged at 0 h, increased at 24 h,  
and returned to control levels by 72 h after HI (22). In 
addition to hypoxia-dependent HIF-1α elevation (23), other 
stress pathways, including the PI3K/Akt pathway (24) and 
MAPK signalling (25), are involved in HIF-1α expression. 
Researchers demonstrated early-onset HIF-1α elevation 
in neurons at 24 h after transient focal cerebral ischaemia 
in adult mice, while a late-onset increase in astrocytes was 
initiated at 3 d and peaked at 7 d (19). In this research, 
we found that HIF-1α expression in the ipsilateral corpus 
callosum increased from 12 to 24 h post-HI injury and 
decreased quickly at 36 h post-HI, which was consistent 
with previous studies (22), as an early-onset transient 
elevation for adaptation to hypoxia. Moreover, there was 
a significant late-onset elevation of HIF-1α at 7 d post-HI 
injury. The temporal expression of HIF-1α suggested that 
the source of early and late expression of HIF-1α after HI 
white matter injury should be different.

In  a  p rev ious  s tudy  u s ing  a  chron i c  hypox i a 
neonatal mouse model, HIF-1α was mainly elevated in 
oligodendrocytes after 7 days of chronic hypoxia (17). 
However, double immunofluorescence staining in our 
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Figure 5 Electron microscopy and behavior function tests. (A) Representative pictures of electron microscopy of corpus callosum. (B) 
Quantification of G-ratio of myelin. (C and D) Linear regression of G-ratio and axon parameter. (C) The intercepts rather than slopes 
between control and HI group were significantly different (P<0.001). (D) The slopes and intercepts between control and late inhibition were 
not significantly different (P>0.05), while the intercepts between HI and late inhibition group were significantly different (P<0.001). n=4–6 
rats/group and at least 50 myelinated axons/rat. Values were shown as mean ± SEM; ***, P<0.001 by ANOVA followed by Tukey’s post hoc 
test. (E,F) Escape latency and swimming distances of each training day in navigation trail. a, significant difference between HI and control;  
b, significant difference between HI and late inhibition group. (G,H) Percentage in the target quadrant and frequency of platform crossings 
in probe trail. n=8/group; values were shown as mean ± SEM; *, P<0.05; **, P<0.01; ***, P<0.001 by ANOVA followed by LSD post hoc test.
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study showed that HIF-1α colocalized with neurons 
instead of oligodendrocytes or astrocytes at 24 h post-HI 
injury, while HIF-1α mainly colocalized with astrocytes 
at 7 d post-HI injury. This difference could be attributed 
to different species, different sampling time points, and, 
most importantly, different injury models. The temporal 
difference in the increase in HIF-1α between neurons and 
astrocytes in our study was similar to the results reported by 
Hirayama et al. (19) using an adult mouse model of cerebral 
ischaemia, suggesting the different effects of early- and late-
onset HIF-1α elevation in our model.

Many studies have demonstrated the neuroprotection of 
HIF-1α, including its role in cellular adaptation, recovery 
and regeneration in response to HI brain injury (26-28).  
However, some researchers have found that HIF-1α is 
involved in brain oedema, increased blood brain barrier 
permeability and neuronal apoptosis after injury (21,29,30). 
The controversial role of HIF-1α could be due to the 
different models and the extent of HIF-1α elevation. 
In addition to neurons, HIF-1α also plays important 
roles in the proliferation, differentiation and activation 
of oligodendrocytes and astrocytes after brain injury, 
which is less studied. In a chronic white matter injury 
model, constitutive HIF-1α stabilization resulted in OPC 
maturation arrest and hypomyelination (17). In the present 
study, inhibiting delayed HIF-1α elevation significantly 
improved oligodendrocyte maturation and myelination. 
Moreover, the rats in the late inhibition group had thicker 
myelin and improved results in the Morris water maze 
test, indicating that late HIF-1α inhibition could attenuate 
abnormal myelination and ameliorate neurological 
function after HI injury in the long term. However, some 
inconsistencies exist, and late HIF-1α expression mainly 
appeared in astrocytes rather than oligodendrocytes (17), 
suggesting that late HIF-1α elevation might inhibit OPC 
maturation and myelination through a paracrine rather 
than autocrine mode in our model. We found that the 
HI-exposed rats had worse astrogliosis and more CSPG 
accumulation, and these responses were less robust with late 
HIF-1α inhibition, which was consistent with a previous 
study using an adult rodent ischaemic model (18). Combined 
with our previous work, which demonstrated that CSPG 
accumulation in the white matter regions could result in 
hypomyelination after HI injury in immature rats (15),  
the present research indicated that a delayed increase 
in HIF-1α in astrocytes could be involved in glial scar 
formation, leading to arrested oligodendrocyte maturation, 
impaired myelination and long-term neurological function 

after experimental white matter injury in immature rats.
However, the mechanism of late-onset HIF-1α elevation 

in our model remains unknown. Hypoxia-dependent  
HIF-1α elevation occurs in the early period after hypoxia. 
In addition to hypoxia-dependent mechanisms (23), other 
stress pathways, including the PI3K/Akt pathway (24) and 
MAPK signalling (25), are involved in HIF-1α expression. 
In a transient focal cerebral ischaemic mouse model, 
researchers found that a hypoxia-independent but P2X7 
receptor-dependent mechanism induced late-onset HIF-1α 
expression in astrocytes (19). In future research, we would 
like to investigate whether the P2X7 receptor is involved 
in the late-onset HIF-1α elevation in astrocytes and could 
become a therapeutic target in white matter injury.

Conclusions

In summary, delayed increase in HIF-1α in astrocytes 
is involved in glial scar formation, and leads to arrested 
oligodendrocyte maturation, impaired myelination, and 
long-term neurological function after experimental white 
matter injury in immature rats. However, the mechanism of 
delayed increase in HIF-1α in astrocytes remains unknown. 
The next step will be investigate whether the P2X7 receptor 
is involved in the late-onset HIF-1α elevation in astrocytes. 
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