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ABSTRACT

Background: White matter injury (WMI) is an important type of preterm brain injury, which may result in severe
neurological sequelae and lack of effective treatments. It is ascertained that selective vulnerability of oligo-
dendrocytes is closely related to the WMI in preterm infants. But the alteration of the endogenous oligoden-
drogenesis over long time after hypoxic-ischemic WMI is still not clearly elucidated.

Methods: We adopted an animal model of hypoxic-ischemic WMI in 3-day-old neonatal Sprague-Dawley rats.
Immunofluorescence staining and western blotting were used to detect dynamic changes of oligodendrogenesis
in the white matter region on postoperative day (POD) 1, 3, 7, 14, 28, 56 and 84.

Results: In the sham group, the oligodendrocyte lineage in the white matter reached a developmental peak from
POD 3 to 14. The proliferation and development of oligodendrocyte precursor cells (OPCs) occurred primarily
within POD 14. The number of mature oligodendrocytes showed an upward trend and a dynamic change in
proliferation over time. While in the WMI group, the oligodendrocyte lineage was upregulated on POD1 and 3
but downregulated on POD 7 and 14. The proliferation of OPCs increased on POD 1 and decreased on POD 3 and
7, with the total number of OPCs significantly reduced from POD 3 to 14. The number of mature oligoden-
drocytes decreased from POD 3 to 28, and return to the level of the sham group on POD 56 and 84, whereas the
MBP expression was still significantly downregulated on POD 56 and 84.

Conclusions: Hypoxia-ischemia can have a long-term dynamic effect on the endogenous oligodendrogenesis of
neonatal rat brain white matter. The proliferation of OPCs was promoted on POD 1 but inhibited from POD 3 to
14, which may be an early intervention target to improve oligodendrogenesis. The number of mature oligo-
dendrocytes recover to the normal on POD 56 and 84 but the myelination is still blocked, which suggests it is
essential to promote the maturation of oligodendrocyte and its function recovery at the same time within POD
28. Such efforts will provide the opportunity to test new interventions in pre-clinical studies for their promising
clinical application.

1. Introduction

2005), and even cerebral palsy (Derrick et al., 2007).Currently, there is a
lack of effective treatment for WMI. Therefore, effective prevention and

White matter injury (WMI) is an important type of preterm brain treatment of this disease has become an urgent problem and a challenge
injury, especially in very low birth weight infants (Liu et al., 2013), for neonatal medicine worldwide.
which may result in severe neurological sequelae, including visual dis- WMI is accompanied by dysmyelination, axonal injury, and oligo-
order, behavior and cognitive impairment (Back, 2017; Marlow et al., dendroglial loss and has been confirmed to be the key reason of cerebral
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SD, standard deviation; WMI, white matter injury.
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palsy in survivors. Lots of studies have proved that the selective
vulnerability of oligodendrocyte precursor cells (OPCs) is strongly
associated with WMI in the preterm(Liu et al., 2013; Back et al., 2002;
Cai et al., 2018). The gestational ages of preterm infants ranging from 23
to 32 weeks were a predilection time period for white matter lesions
wherein OPCs accounted for a large proportion at this phase, and they
were more sensitive to hypoxia-ischemia than neurons (Liu et al., 2013).
OPCs tend to be damaged and lost during hypoxia—ischemia(Volpe et al.,
2011), leading to a reduction in the number and dysfunction of mature
oligodendrocyte (OLs) that migrate and differentiate from OPCs, even-
tually leading to myelination disorder in the white matter region. Thus,
the vulnerability of OPCs to hypoxia-ischemia is essential for the
pathogenesis and progression of WMI in preterm infants.

Oligodendrogenesis refers to the processes that OPCs differentiate
into mature oligodendrocytes, which are then able to enwrap and
myelinate axons. Myelination is a highly coordinated process in which
OPCs proliferate and migrate towards exposed axons (Franklin and
Blakemore, 2013). OPCs then differentiate into premyelin OLs and
extend multiple processes to contact axons, but myelination is yet to be
initiated. When primary axon-derived OLs differentiation inhibitors are
withdrawn (Almeida, 2018), pre-myelinated OLs contract their sec-
ondary and tertiary processes, and the myelin membrane is wrapped
around the tip of the primary processes. These myelin membranes wrap
axons multiple times and are subsequently reduced through the cyto-
plasm and exoplasm to form dense myelin (Fancy et al., 2010). It has
been elucidated that the foxO1-P27kIP1 pathway promoted oligoden-
drogenesis in neonatal rats with hypoxic WMI (Jablonska et al., 2012).
But currently, there is no comprehensive literature on whether endog-
enous oligodendrogenesis changes dynamically over a long time after
hypoxic-ischemic WMI. The research on this problem will help to pro-
vide a new way for clinical treatment of WMI in premature infants by
targeting oligodendrogenesis. Our study aimed to adopt an animal
model of hypoxic-ischemic WMI in neonatal rats and investigate the
dynamic changes of oligodendrogenesis in the white matter region over
time by using morphological and molecular biology techniques, which
could further contribute to a better elucidation of the pathogenesis of
hypoxic-ischemic WMI that may provide an adequate theoretical foun-
dation for the clinical treatment of premature WMI with oligodendro-
genesis as the target.

2. Materials and methods
2.1. Animal

A total of 88 neonatal (3-d-old, 8-11 g) Sprague-Dawley rats were
provided by the Experimental Animal Center of Fujian Medical Uni-
versity. The neonatal rats were grown with mother rats and maintained
on a 12-/12-hour light/dark cycle with access to food and water ad
libitum. All experimental procedures were approved by the Animal Care
and Use Committee of Fujian Medical University [Animal License
Number: SYXK (Min) 2016-0007], and performed in accordance with
the relevant guidelines and regulations. Maximal care was taken to
reduce the number of animals employed and minimize any pain and
distress during the study.

2.2. WMI rat model

Animals were randomly assigned to the sham and WMI groups (n =
44 neonatal rats per group, maintaining a male to female ratio of 1:1 in
each group). The WMI rat model (bilateral common carotid artery
electrocoagulation combined with hypoxia) was established as previ-
ously described (Hu et al., 2022; Wang et al., 2016). Three-day-old
neonatal rats were anesthetized by inhalation of 2% isoflurane in oxy-
gen flow using a small animal anaesthesia machine (Shenzhen RWD Life
Science Co. Ltd, Shenzhen, China). The skin of the neck was exposed and
disinfected with 75% alcohol. A median incision of approximately 5 mm
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was made, and the bilateral common carotid arteries were cut off
permanently by electrocoagulation in the WMI group. The skin incision
was sutured, and the rats were placed at 37 °C for 10 min until their body
temperature and activity returned to normal. After returning to the cage
for 2 h, rats were again exposed to 8% 05/92 % N3 at 37 °C for 30 min. In
the sham group, the bilateral common carotid arteries were only sepa-
rated without electrocoagulation, and the rats were separated from the
mother rat and exposed to ambient air for 30 min.

2.3. Immunofluorescence staining

Rats were deeply anesthetized with isoflurane on postoperative day
(POD) 1, 3,7, 14, 28, 56 and 84, and transcardially perfused with 0.01 M
phosphate buffered saline (PBS) followed by 4% paraformaldehyde (Lin
et al., 2023). Brains were dissected and then cryoprotected with 30%
sucrose in 0.01 M PBS at 4 °C. Coronal brain sections (14 pm thick) were
collected using a cryostat microtome (Leica CM1950, Germany).
Collected sections were washed with 0.01 M PBS for three times,
blocked in Immunol Staining Blocking Buffer (Beyotime, P0102,
Shanghai, China) for 1 h at room temperature, followed by incubation in
the following primary antibodies for 48 h at 4 °C: Myelin Basic Protein
(D8X4Q) XP® Rabbit mAb (1:500, Cell Signaling Technology, 78896,
Massachusetts, USA), Anti-activated caspase-3 (1:200, Proteintech,
19677-1-AP, USA), Anti-Olig2 antibody (1:500, Sigma-Aldrich,
MABN50, Saint Louis, USA), Anti-Ki67 antibody (1:500, abcam,
ab16667, Cambridge, England), PDGFR-a (C-9) (1:200, Santa Cruz
Biotechnology, sc-398206, Santa Cruz, California), Anti-APC antibody
(1:400, abcam, ab16974, Cambridge, England). Sections were then
rinsed three times in 0.01 M PBS and incubated with the following
second antibodies: Donkey Anti-Rabbit IgG H&L Alexa-555 (1:500,
abcam, ab150062, Cambridge, England), Biotinylated Goat Anti-Rabbit
IgG antibody (1:200, Vector Laboratories, BA-1000, Burlingame, USA),
Biotinylated Goat Anti-Mouse IgG antibody (1:200,Vector Laboratories,
BA-9200, Burlingame, USA), PierceTM Avidin Fluorescein Conjugated
(1:500, Thermo, 21221, Massachusetts, USA). Nuclei were stained with
DAPI (1:1000, Beyotime, C1002, Shanghai, China). After rinsing with
0.01 M PBS, sections were mounted on slides using antifade mounting
medium (Beyotime, P0126, Shanghai, China), and visualized under a
confocal laser scanning microscope (Leica TCS SP8, Germany).

2.4. Quantification of immunopositive cells

The quantitative method for immunopositive cells has been
improved based on the previous protocols ( Flygt et al., 2013). Rat
brains of both sham and WMI groups were dissected on POD 1, 3, 7, 14,
28, 56 and 84. Consecutive coronal brain sections (14 pm thick) were
collected using a cryostat microtome. Three nonadjacent brain slices
were selected from each animal (Fig. 1). All animals were selected from
the same three coronal sections for immunofluorescence staining. All
immunofluorescence images were captured by an investigator who was
blinded to the experimental group assignment. The parameters for
image acquisition were identical for each brain slice in the same region
of interest. And a total of 10 microscopic fields for each animal (Fig. 1)
were acquired with a 40X objective from the corpus callosum (CC) for

Fig. 1. Diagrammatic representation of coronal sections of rat brain. Micro-
scopic fields acquired from the corpus callosum for quantification are repre-
sented by the red boxes. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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quantification. Inmunopositive cells were counted via Image J software
in an unbiased manner by an observer who was blinded to the experi-
mental group assignment. Results were presented as positive cells den-
sity (cells/mmz).

2.5. DHE staining

The levels of reactive oxygen species ( ROS) production in the brain
tissues were assessed by dihydroethidium (DHE) staining, as previously
described (Santana-Garrido et al., 2020). Briefly, 14 pm thick frozen
brain sections were prepared and incubated with 5 mM DHE (Med-
ChemExpress, HY-D0079 ) for 30 min at 37 °C in a humidified chamber.
After staining with DAPI, the immunofluorescence images were
captured by a confocal laser scanning microscope (Leica TCS SP8, Ger-
many) with the same parameters (Objective: 20x; ZOOM: 2.0; Excita-
tion wavelength: 552 nm; Emission wavelength: 565-620 nm; Pinhole
size: 1.00AU; Laser power: 2.05%; Gain: 643; Offset: —2). Ten fields
were selected from each animal (Fig. 1), and the fluorescence intensity
for DHE was determined directly using confocal laser scanning
microscope.

2.6. Western blotting

Western blotting was performed to detect myelin basic protein
(MBP) expression in white matter on POD 14, 28, 56 and 84 according to
our previously established protocols (Lin et al., 2023). Tissue samples of
the CC were dissected and lysed in ice-cold radioimmunoprecipitation
assay buffer. Equal amounts of protein (60 pg) were loaded onto a 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel. After
electrophoresis and transfer to polyvinylidene fluoride (PVDF) mem-
brane (MerckMillipore), the blots were cut in order to assure that
normalization were performed with f-actin and MBP on the same
membrane to account for variations in loading. Then the membranes
were blocked with 5% skim milk at room temperature for 2 h and then
incubated with Myelin Basic protein (D8X4Q) XP® rabbit mAb (1:1000,
Cell Signaling Technology, 78896, Massachusetts, USA) or rabbit anti-
beta actin antibody (1:2000, BBI, D110001-0100, China) overnight at
4 °C. After washing in TBST three times for 10 min each, the PVDF
membrane was incubated with goat anti-rabbit IgG/HRP antibody
(1:1000, Bioss, bs-0295G-HRP, Beijing, China) for 2 h at room temper-
ature. After rinsing with TBST, the PVDF membranes were visualized by
enhanced chemiluminescence (Meilunbio) using the Chem-
iluminescence Imaging System (Amersham Imager 680, USA).

2.7. Statistical analysis

All data are presented as mean + standard deviation (SD). Data were
analyzed using GraphPad Prism 8 software (GraphPad Software, CA,
USA). Statistical differences between groups were detected using un-
paired two-tailed Student’s t test or two-way ANOVA followed by
Tukey’s multiple comparison test. Differences were considered statisti-
cally significant at P < 0.05. P values are annotated in the figures.

3. Results
3.1. Dysmyelination of white matter in rats after hypoxia—ischemia

To observe the changes in the myelin sheath in white matter after
hypoxia-ischemia, we used western blotting and immunofluorescence
staining to observe changes in MBP expression. We found that MBP was
not detected in the CC of the sham and WMI group on POD 1, 3 and 7
(data was not shown). The fluorescence intensity of MBP in the CC of the
WMI group was significantly lower than that in the sham group on POD
14 and 28 (Fig. 2A-2D). Meanwhile, western blotting showed that the
expression of MBP in the WMI group was significantly downregulated
compared to that in the sham group on POD 14 and 28 (p < 0.01; Fig. 2E-
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Fig. 2. The effect of hypoxia-ischemia on myelin basic protein (MBP) level in
brain on postoperative day 14 and 28. (A-D) Representative images of the
immunolabeling for MBP (green) and DAPI (blue) in the cerebral white matter
(corpus callosum [CC]). (E-F) Western blot images showed MBP level clearly
reduced in WMI group compared with sham group on POD 14 and 28. Detected
western blot intensities for MBP were normalized to corresponding p-actin band
intensities. All data represent the mean =+ SD, *p < 0.05, “p < 0.01, unpaired ¢
test, n = 4 per group. Scale bar, 100 um. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

2F). These results imply that WMI occurs after hypoxia-ischemia in
neonatal rats.

3.2. Increase of oxidative stress and apoptotic oligodendrocytes after
hypoxia—ischemia

Oxidative stress levels of the white matter (corpus callosum) after
hypoxia-ischemia were measured by DHE staining. As shown in Fig. 3,
the DHE immunofluorescence intensity were markedly enhanced in the
WMI group compared to the sham group on POD 1, 3,7, 14 and 28 (p <
0.001), which indicated the increase in generation and distribution of
reactive oxygen species (ROS) in brain tissues after hypoxia—ischemia.
Our results showed no significant difference of the DHE fluorescent
density between the two groups on POD 56 and 84 (p > 0.05).

Increased oxidative stress may lead to cell damage through lipid
peroxidation pathway. In present study, hypoxia ischemia-induced
apoptosis of oligodendrocytes was evaluated by Olig2 (oligodendro-
cyte transcription factor 2) and activated apoptotic marker caspase-3
double-labeling. The caspase-3-immuno-positive cells were co-
localized with Olig2 (marker for oligodendrocytes at all stages of
development) in the corpus callosum (Fig. 4, arrows). We counted the
caspase-3 and Olig2- positive cells in the corpus callosum in all rats, and
found the number of apoptotic oligodendrocytes significantly increased
in the WMI group on POD 3, 7 and 14 (Fig. 4, p < 0.001), indicating the
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Fig. 3. Oxidative stress increased in the corpus callosum after hypoxia-ischemia. (A-G, A1-G1) Representative confocal images for staining with DHE (red) and DAPI
(blue) in the corpus callosum. (H) Quantitative analysis of the DHE immunofluorescence intensity in both groups at different time points. The fluorescent density of
DHE was significantly increased in the WMI group on POD 1, 3, 7, 14 and 28. Data are presented as mean =+ SD, ***p < 0.001, n = 4 per group. Scale bar, 50 ym. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

involvement of caspase-3-mediated apoptosis in the death of OLs.
However, there was no statistical difference of the apoptotic OLs be-
tween the two groups on POD 1, 28, 56 and 84 (p > 0.05).

3.3. The changes of OL lineage in white matter over time

OL transcription factor 2 (0Olig2), which is expressed in the nucleus,
was used to label all OL-lineage cells. Ki67 is a cell proliferation marker
expressed in the nucleus, and changes in the density of Olig2™"-, Ki67 -,
and DAPI" positive cells can reflect changes in proliferating OL-lineage
cells. To observe the expression of the OL lineage in the WMI and sham
groups, triple immunofluorescence staining for Olig2, Ki67, and DAPI
was performed on brain tissues (Fig. 5A-5F, 5A1-5F1 showing repre-
senting images). Olig2" OL lineage cells were distributed throughout the
brain, especially in the white matter. Positive cells were counted in the
CC region.

In the sham group, the number of OL lineages gradually increased
and peaked on POD 14, then began to decline, and became stable on
POD 28, which is comparable with that on POD 3. Additionally, the
number of OL lineages in the WMI group peaked on POD 3 and remained
at this level. By comparing the total number of cells in the two groups at
the same time point, it was found that the increase in the number of OL
lineages in the WMI group was significantly higher than that in the sham
group on POD 1 and 3 (p < 0.01), but lower than that in the sham group
on POD 7 and 14 (p < 0.01). There was no statistical difference between
the groups on POD 28, 56 and 84 (p > 0.05) (Fig. 5G).

The change tendency of the proliferating OL lineage was generally
consistent over time in the WMI and sham groups, presenting a decline
first and then a gradual uptrend followed by a further downtrend, and
finally stabilizing. On POD 1, the number of proliferating OLs in the
WMI group was higher than that in the sham group (p < 0.05), but on
POD 3 and 7, it was significantly lower than that in the sham group (p <
0.01). On POD 7, the number of proliferating OLs in both groups reached
a maximum value. There was a small increase followed by a decrease on
POD 28 in the WMI group, whereas there was a small increase followed
by a decrease on POD 56 in the sham group. And there was no statistical
difference between the groups on POD 14, 56 and 84 (p > 0.05)
(Fig. 5H).

3.4. The changes of OPCs in white matter over time

The OL lineages include OPCs, immature OLs, and mature OLs.
Changes in the number and proliferation of OPCs may alter the total
number of OL lineages. Therefore, fluorescence triple-labeling with
PDGFRa (platelet-derived growth factor receptor o), Ki67, and DAPI was
used to observe changes in the expression of OPCs in the WMI and sham
groups. Among them were OPCs (PDGFRa + -labeled), proliferating
OPCs (PDGFRa + Ki67 + DAPI + -labeled), and non-proliferating OPCs
(PDGFRa + Ki67-DAPI + -labeled) (Fig. 6A-6F, 6A1-6F1).

The statistical results of PDGFRa-positive cells showed that the total
number of OPCs in the sham group began to increase after surgery,
reached a peak on POD 7, then decreased, and was lowest on POD 14
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Fig. 4. OL apoptosis occured in the corpus callosum after hypoxia-ischemia. (A-D, A1-D1) Apoptotic OLs were evaluated with double staining for Olig2 (OLs; red),
activated caspase-3 (green), and the nuclear marker DAPI (blue). Olig2 and activated caspase-3 co-labeling is indicated by white arrows. Apoptotic OLs were rare in
sham group rats (A-D). Numerous apoptotic OLs were observed on POD 3, 7 and 14 in WMI group (B1-D1). (E) Counts of the OL apoptosis in corpus callosum was
evaluated on sections. Data are presented as mean + SD, “*p < 0.001, n = 4 per group. Scale bar, 50 um. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

and remained at this level thereafter. The total number of OPCs in the
WMI group reached the maximum on POD 1, then decreased, and rose
on POD 7, but it did not reach the level on POD 1, and continued to
decline and remained at a low level on POD 14 (Fig. 6G). Comparing the
total number of cells between the two groups at the same time point, we
found that the total number of OPCs in the WMI group was significantly
higher than that in the sham group on POD 1 (p < 0.001), but less than
that in the sham group on POD 3 and 7 (p < 0.0001). There was no

significant difference between the two groups on POD 14, 28, 56 and 84
(Fig. 6G).

The statistical results of PDGFRa"Ki67 "DAPI" cells showed that in
the sham group, some OPCs were proliferating on POD 1, and the
number of proliferating cells peaked on POD 7, then began to decrease,
reached the lowest on POD 14, and maintained a low level thereafter.
The proliferation trend of OPCs in the WMI group was consistent with
that of the total number of OPCs. Comparing the number of proliferating
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Fig. 5. The effect of hypoxia-ischemia on the total
number and proliferation of oligodendrocyte (OL)
lineages in white matter. (A-F) and (A1-F1) Repre-
sentative images of the immunolabeling for OL tran-
scription factor 2 (Olig2) (green), Ki67 (red) and DAPI
(blue) in the cerebral white matter (corpus callosum
[CCD) on postoperative day (POD) 3 and 14. The
representative  Olig2/DAPI-positive cells (white
arrow) show the OLs; the representative Olig2/Ki67/
DAPI-positive cells (yellow arrow) show the prolifer-
ation of OLs. (G-H) The chart of changing trends in
the total number of OL lineages and proliferative OL
lineages in white matter (CC) over time. *Indicates a
statistical difference between the sham group and the
WMI group at the same postoperative time point (*p
< 0.05, "p < 0.01, p < 0.001, "p < 0.0001); *
indicates that the same group has statistical differ-
ences at different postoperative time points (*p <
0.05, *#**p < 0.001, *#*#*p < 0.0001). All data
represent the mean + SD, two-way ANOVA with
Tukey’s multiple comparison test, n = 4 per group.
Scale bar, 50 um. (For interpretation of the references
to colour in this figure legend, the reader is referred to
the web version of this article.)
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OPCs between the two groups at the same time point, it was found that
the proliferation of OPCs in the WMI group was significantly higher than
that in the sham group on POD 1 (p < 0.05), but it was less than that in
the sham group on POD 3 and 7 (p < 0.05). There was no statistically
significant difference between the two groups on POD 14 (Fig. 6H).
These results suggested that the difference in the total number of OPCs
between the two groups was caused by the difference in the proliferation
of OPCs.

Post operative days

3.5. The changes of mature OL in white matter over time

OPCs can differentiate into mature OLs, and APC (a mature OLs
marker) is mainly expressed in the cell bodies of mature OLs. To observe
the proliferation of mature OLs after surgery, we used APC, Ki67, and
DAPI for triple immunofluorescence staining. Mature OLs (APC DAPI -
labeled) and newborn mature OLs (APC'Ki67 'DAPI'-labeled) are
depicted in Fig. 7A-7F, and 7A1-7F1 (representing images on POD 3 and
14).

The statistical results of APC'DAPI' cells showed that the total
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Fig. 6. The effect of hypoxia—ischemia on the total
number and proliferation of oligodendrocyte precur-
sor cells (OPCs) in white matter. (A-F) and (A1-F1)
Representative images of the immunolabeling for
PDGFRa (green), Ki67 (red) and DAPI (blue) in the
cerebral white matter (corpus callosum [CC]) on
postoperative day (POD) 1 and 3. The representative
PDGFRa/DAPI-positive cells (white arrow) show the
OPCs; the representative PDGFRo/Ki67/DAPI-posi-
tive cells (yellow arrow) show the proliferation of
OPCs. (G-H) The chart of changing trends in the total
number of OPCs and proliferative OPCs in white
matter (CC) over time. *Indicates a statistical differ-
ence between the sham group and the WMI group at
the same postoperative time point ("p < 0.001,
"p < 0.0001); * indicates that the same group has
statistical differences at different postoperative time
points (**##p < 0.0001). All data represent the mean
+ SD, two-way ANOVA with Tukey’s multiple com-
parison test, n = 4 per group. Scale bar, 50 um. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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number of mature OLs in the sham and WMI groups had a consistent
trend, reached a small peak on POD 7, and then slightly decreased on
POD 14, but the number was higher than that on POD 1, which
continued to increase on POD 28, and then peaked on POD 84. However,
the total number of mature OLs in the WMI group was less than that in
the sham group on POD 3, 7, 14, and 28 (p < 0.05; Fig. 7G).

Statistics of APCKi67 "DAPI™ cells showed that the proliferation of
mature OLs in the sham group was most obvious on POD 7, followed by
POD 3 and 28. However, the proliferation of mature OLs in the WMI
group was lower and there was no significant change at any time point.

Within POD 28, the proliferation of mature OLs in the WMI group was
lower than that in the sham group (p < 0.05; Fig. 7H).

3.6. The expression of myelin basic protein decreased on POD 56 and 84

From the change trend of the mature OLs in the white matter over
time, we found that the total number of APC positive cells (mature oli-
godendrocytes) in the WMI group returned to the level of the sham
group on POD 56 and 84. To further ask whether myelin sheath gener-
ation returned to normal, immunofluorescence staining and western
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Fig. 7. The effect of hypoxia-ischemia on the total
number and proliferation of mature oligodendro-
cytes (OLs) in white matter. (A-F) and (A1-F1)
Representative images of the immunolabeling for
APC (green), Ki67 (red) and DAPI (blue) in the ce-
rebral white matter (corpus callosum [CC]) on
postoperative day (POD) 3 and 14. The representa-
tive APC/DAPI-positive cells (white arrow) show the
mature OLs, the representative APC/Ki67/DAPI-
positive cells (yellow arrow) show the proliferation
of mature OLs. (G-H) The chart of changing trends
in the total number of mature OLs and proliferative
OPCs in white matter (CC) over time. *Indicates a
statistical difference between the sham group and
the WMI group at the same postoperative time point
(*p < 0.05, "p < 0.01, ”"p < 0.0001); # indicates
that the same group has statistical differences at
different postoperative time points (p < 0.05, *#p
< 0.01, ####*p < 0.0001). All data represent the
mean + SD, two-way ANOVA with Tukey’s multiple
comparison test, n = 4 per group. Scale bar, 50 um.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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blotting were used to detect MBP expression at these two time points.
The results showed that the fluorescence intensity of MBP immuno-
positive substances in the CC of the WMI group was significantly weaker
than that of the sham group (Fig. 8A-8D). Western blotting also showed
that compared with the sham group, MBP expression in the WMI group
was significantly downregulated (Fig. 8E-8F).

4. Discussion

Myelin is a major component of the white matter, and in the central
nervous system, mature OLs protrude many processes, contact and wrap

Post operative days

neuronal axons with myelin, and subsequently form many helical
myelin sheaths(Baumann and Pham-Dinh, 2001). MBP is an important
marker of the myelin sheath, and its expression level is directly related
to whether OLs have a function to myelination (Buser et al., 2012). To
determine whether white matter injury occurred after hypoxia-ischemia
in SD rats, we used immunofluorescence staining and western blotting to
detect the changes in MBP expression. The results showed that MBP
expression was significantly downregulated on POD 14 and 28, sug-
gesting that OL function was impaired and could not differentiate and
mature into functional myelin sheath, resulting in WMI, which is
consistent with the results of Cai et al (2006). Therefore, this model can



Q. Lin et al.

POD56

Sham

WMI

6_

PODS56 POD84 5

Sham WMI Sham WMI 4-
— L e—  —

MBP 12-18kDa

Rel. levels of MBP
w
1

Brain Research 1817 (2023) 148495

Fig. 8. The effect of hypoxia-ischemia on myelin
basic protein (MBP) level in brain on postoperative
day (POD) 56 and 84. (A-D) Representative images of
the immunolabeling for MBP (green) and DAPI (blue)
in the cerebral white matter (corpus callosum). Scale
bar = 50 um. (E-F) Western blot images show MBP
level clearly reduced in WMI group compared with
sham group. Detected western blot intensities for
MBP were normalized to corresponding p-actin band
intensities. All data represent the mean + SD. *p <
0.05, unpaired t test, n = 4 per group. Scale bar, 100
um. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article.)
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be used in subsequent experiments.

OL development can be divided into five main stages: pre-progenitor,
progenitor, pre-OLs, pre-myelinating OLs, and myelinating OLs. These
have different specific markers at each stage; several transcription fac-
tors, oligl/2, NKX2.2, and Sox10, are stably expressed at all stages of OL
lineage development. Mature OLs develop from OPCs, which can express
PDGFRo (Shaw et al., 2021) and accounts for 5% of the central nervous
system of adult rodents. These progenitor cells undergo an immature
premyelination stage, and myelin-forming OLs can be identified by
expressing myelin-specific proteins, of which MBP and proteolipid
protein are major proteins (Pringle et al., 1992). To observe dynamic
changes in oligodendrogenesis over time after hypoxia-ischemia,
immunofluorescence staining of brain tissues was performed using OL-
specific markers combined with cell proliferation markers.

Olig2 and Ki67 immunofluorescence staining were used to observe
the overall trend of the OL lineage. The results showed that the number
of OL lineages in the sham group first increased (postnatal day [P] 17
peak), then decreased, and finally stabilized. The fastest growth period
of OL lineages was observed from POD 3 to 14 (P6-P17), which is
consistent with previous research results. Rivers et al. showed that OLs

were mainly produced within the first few postnatal weeks and peaked
in the second postnatal week (P7-P14) (Rivers et al., 2008). However,
the number of OL lineages in the WMI group peaked on POD 3 but was
significantly lower than the peak in the sham group, and then remained
at the same level, which suggested that OLs death is particularly
prominent following hypoxia-ischemia, resulting in a significant
decrease in cell number. We counted proliferating OL lineages and found
that the change trend of the WMI and sham groups was basically the
same over time, and the proliferation peak of OL lineages was concen-
trated from POD 1 to 14 (P4-P17), which was similar to the results of the
study by Levison and Goldman (1993). They discovered that OLs orig-
inated from the subventricular zone, and the peak period of OL devel-
opment was P5-P20. Further analysis of the results of this study showed
that the number of proliferating cells in both groups decreased while the
total number of cells increased from POD 1 to 3, suggesting that the OL
lineage may migrate from other regions to the CC region during this
period. On POD 7, the number of proliferating cells in both groups
reached the peak, but the total number of OL lineages in the WMI group
decreased. The possible reason for this was that hypoxia-ischemia
resulted in a significant increase of cell apoptosis,which has been
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demonstrated by counting of apoptotic oligodendrocytes. On POD 14,
the number of neonatal cells in the sham group decreased significantly,
and a decline in the total number of cells was observed. However, the
number of neonatal cells decreased, but the total number of cells
remained the same in the WMI group, which may be due to the decrease
in the number of apoptotic cells or the increase in OLs that migrated
from elsewhere.

Previous studies have shown that OLs progenitors migrate from
subventricular zone away from these regions and form white matter in
the developing brain (Karram et al., 2008; Nishiyama et al., 1996). OL
progenitors migrate extensively throughout the central nervous system
before eventually differentiating into mature oligodendrocytes (Fard
et al., 2017). In our study, immunofluorescence staining was performed
with OPC-specific marker PDGFRa and cell proliferation marker Ki67,
and it was found that the total number of OPCs and the number of
proliferating OPCs in the sham group significantly increased to the peak
on POD 7 (P10), decreased on POD 14 (P17), and remained at a low level
thereafter, suggesting that OPCs proliferation mainly occurred within
17 days of birth. The results of this study are similar to those of Spitzer
et al., who found that the proportion of proliferating OPCs in the white
matter decreased significantly after 16 days of birth and remained
relatively stable thereafter (Spitzer et al., 2019). The trend in the total
number of OPCs and the number of OPCs proliferating over time in the
WMI group was consistent with that in the sham group. However, the
total number of OPCs and the number of proliferating OPCs in the WMI
group were significantly higher than those in the sham group on POD 1,
indicating that OPCs had obvious reactive hyperplasia after transient
hypoxia—-ischemia; therefore, the total number of OPCs was higher than
that of the sham group. The total number of OPCs and the number of
proliferating OPCs in the WMI group were significantly lower than those
in the sham group on POD 3 and 7, suggesting that a longer period of
hypoxia—-ischemia (POD 3) can inhibit the proliferation of OPCs.

Under normal conditions, OPCs eventually differentiate into mature
OLs. By analyzing the changing trend of mature OLs, we found that the
proliferation did not show a trend of significant increase or decrease as
in the sham group due to hypoxia-ischemia, but remained in a stable
state at a low level. The total number of mature OLs in the sham group
showed an overall upward trend, while the total number of mature OLs
in the WMI group was significantly less than that in the sham group from
POD 3 to 28. These evidences implied that a series of oxidative stress
reactions caused by hypoxia-ischemia may inhibit the maturation of
most OLs. In addition, although OPCs proliferate to varying degrees on
POD 14, they may not be able to differentiate into mature myelinated
oligodendrocytes (Zhou, et al., 2021), Studies have shown that the main
feature of OL failure in the premature brain is the expansion of the
preoligodendrocyte population, which is unable to develop further,
resulting in a net loss of myelination (Segovia, et al., 2008). However, it
should be noted that the total number of mature OLs in the WMI group
was not different from that in the sham group from POD 56 to 84. In
other words, the level of mature OLs in adult WMI rats was restored to
some extent.

MBP expression was determined by immunofluorescence staining
and western blotting in order to observe if the recovery of mature OLs
increase myelination. The results showed that the expression of MBP in
the WMI group was still lower than that in the sham group on POD 56
and 84, indicating that myelin sheath formation was still impaired.
These findings implied that OPC deficit may not be the main cause of
WMI in late stage. Therapeutic enhancement of myelination is another
promising WMI therapeutic strategy. Previous studies have shown that
postnatal administration of recombinant human erythropoietin in ani-
mal model of WMI could promote myelin formation (Mazur et al., 2010),
while administration of erythropoietin in preterm infants did not result
in a lower risk of severe neurodevelopmental impairment or death (Juul
et al., 2020). And other researchers also found that OLIG1 fails to fully
repair injured myelin although it may promote the growth and devel-
opment of myelin to a certain extent (Cheng, et al., 2015). There are no
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effective treatment options are clinically available to prevent or cure
WMI currently (Motavaf, et al., 2021). Therefore, it is essential to further
explore the therapeutic window and pathway following WMI.

In a word, our study indicated that hypoxia-ischemia can affect the
endogenous oligodendrogenesis of neonatal rat brain white matter,
which may contribute to provide the opportunity to develop new in-
terventions in pre-clinical studies for their promising clinical applica-
tion. However, the present study also has some limitations. Our findings
show the number of mature oligodendrocytes recover to the normal on
POD 56 and 84 but the myelination is still blocked. Here we did not
provide any mechanistic studies to explain myelin deficiency despite
normal cell density. In addition, it would be better using a more elab-
orated and precise method to study the proliferation of oligodendrocytes
rather than only using Ki67.
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