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Background: Periventricular leukomalacia (PVL) is the major form of brain injury in

premature infants. Currently, there are no therapies to treat PVL. Several studies

suggested that polarization of microglia, a resident macrophage-like immune cell in the

central nervous system, plays a vital role in brain injury and recovery. As an important

mediator of immunity, interleukin-4 (IL-4) has critical effects on many immune cells, such

as astrocytes and microglia. Increasing evidence shows that IL-4 plays a well-established

role in attenuating inflammation in neurological disorders. Additionally, as a noninvasive

and highly effective method, intranasal drug administration is gaining increasing attention.

Therefore, in our study, we hypothesized that intranasal IL-4 administration is a promising

strategy for PVL treatment.

Methods: The therapeutic effects of IL-4 on neuroprotection were evaluated using a

Control group, Hypoxia group, and Hypoxia + IL-4 treatment group. The PVL mouse

model was established by a severe acute hypoxia (SAH) protocol. Exogenous IL-4 was

intranasally administered to investigate its neuroprotective effects. A functional study

was used to investigate neurological deficits, immunohistochemical technology and

Western blotting were used to detect protein levels, and electron microscopy was used

to evaluate myelination.

Results: The results suggested that hypoxia stimulated Iba1+ microglial activation,

downregulated myelin-related gene (NG2, MAG, and MBP) expression, reduced

MBP protein levels, and caused neurological deficits. However, the intranasal

administration of exogenous IL-4 partially inhibited Iba1+ microglial activation,

improved myelination, and alleviated neurological deficits. The mechanistic study

showed that IL-4 improved myelination possibly through the IL-4Ra-mediated

polarization of microglia from the M1 phenotype to the M2 phenotype.
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Conclusion: In summary, our findings demonstrated that the intranasal administration

of exogenous IL-4 improves myelination and attenuates functional deficits in a

hypoxia-induced PVL model. Intranasal IL-4 administration may be a promising strategy

for PVL treatment, for which further mechanistic studies are urgent.
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INTRODUCTION

According to theWHO’s estimates, births of very preterm infants
(before 32 weeks of gestation) account for more than 2% of all
live births, and the survival rates of these infants are more than
85% (1, 2), which is owing to advancements in obstetric and
neonatal care (3). However, 25–50% of very preterm babies who
survive still exhibit cognitive (4), visual (5), attention (3), and
learning disabilities (6), such as cerebral palsy, which costs ∼1
million dollars per person in the United States (7). Diffuse white
matter injury is the most common form of injury in preterm
birth infants, especially in infants with very low birth weights,
and it is a condition that leads to periventricular leukomalacia
(PVL) (8, 9). Many studies have found that PVL is associated with
disruptions in the normal progression of preoligodendrocytes,
which leads to prominent hypomyelination (10–12). Consistent
with the effects of hypoxia–ischemia, preterm WMI is also
accompanied by significant oxidative damage (13, 14). Microglial
cells are resident macrophage-like cells in the central nervous
system that have vital roles during brain development (15, 16).
To participate in injury responses, immune regulation, and
cytotoxic effects, microglia are capable of acquiring complex
phenotypes (17). M1-polarized phenotypes are related to the
secretion of nitrogen species and pro-inflammatory cytokines
(18); M2-polarized phenotypes are associated with the secretion
of growth factors and anti-inflammatory cytokines (18). Some
studies have found that activated microglia, at least in the initial
phase after injury, are involved in injury to immature white
matter. In the acute phase, activated microglia, such as those
with M1 phenotypes, have harmful effects on neurons and glia
by releasing inflammatory cytokines, generating free radicals, and
enhancing excitotoxicity (19, 20). However, after acute injury,
some microglia, such as those with M2 phenotypes (M2a and
M2c), might promote injury repair by being involved in late
anti-inflammatory responses (21, 22).

Interleukin-4 (IL-4), a cytokine secreted primarily by Th2
cells, eosinophils, basophils, and mast cells, is a critical regulator
of immunity (23, 24). Some studies have shown that IL-4
plays a central role in the production of the anti-inflammatory
factors IL-10 and IL-13 while suppressing the generation of pro-
inflammatory cytokines, such as IL-1, INF-a, and TNF-a (25, 26).
In a focal ischemia model, the administration of exogenous IL-
4 improved the neurological score, increased the spontaneous
polarization, reduced the infarction volume, and decreased the
infiltration of macrophages/microglia (27, 28), especially those
with M2 phenotypes. However, loss of IL-4 increased the number
of cells with the M1 phenotype (Iba1+iNOS+) and decreased the
number of cells with the M2 phenotype (Iba1+Arg+) (28).

In our previous study, the IL-4 concentrations were
significantly lower in asphyxiated newborn mice than in
normoxic mice. Considering that IL-4 is associated with
reduced macrophage/microglia infiltration and altered microglia
phenotype ratios during hypoxia–ischemia injury to the brain,
we tested the hypothesis that IL-4 reduces the release of
pro-inflammatory cytokines, increases the production of anti-
inflammatory factors, and finally reduces injury in a PVL
mouse model.

METHODS AND MATERIALS

Animals
Adult female C57BL/6 mice were purchased from Chongqing
Medical University (Chongqing, China). The mice were housed
under pathogen-free conditions. Water and food were available
ad libitum. The female mice were crossed with age-matched
male mice. Given that male preterm infants show more clinically
relevant injuries and neurological impairments (29), only male
pups were used. The mean anogenital distance from the caudal
aspect of the genital area to the rostral aspect of the anus was used
to assess neonatal gender (the mean distance is 1.9 ± 0.1mm in
males and 0.8 ± 0.1mm in females) (30). The priori sample size
was estimated by adequate statistical analysis. All the procedures
were approved by the Experimental Animal Administration
Committee of the university (followed the Chinese National
Guidelines: GB/T 35892-20181) (31) and performed by qualified
technicians following the 3R Principle: Reduction, Replacement,
Refinement (32).

Establishment of the PVL Model
All the male pups were randomly divided into three groups: the
normoxia group (Control), the hypoxia-induced saline-treated
group (Hypoxia), and the hypoxia-induced IL-4-treated group
(Hypoxia+ IL-4 group). The PVL animal model was established
according to Clayton et al. and Shen et al. with modification
(33, 34). Given the unstable state of C57BL/6 mice under hypoxic
environments, all the male pups were fostered to gestational
age-matched lactating CD1 (ICR) dams at postnatal day 1 (P1).
Briefly, at P3, pups were randomly placed in a sealed chamber
with the mother, and the O2 concentration was maintained at
7.5% by displacement with N2. Hypoxia began at P3 for 24 h;
after 24 h, the hypoxic pups were returned to room air. The
control pups breathed room air during the experiment. Half of
the hypoxic pups were randomly selected to be subjected to IL-
4 administration. After exposure, all the pups were returned to
lactating CD1 (ICR) dams until sacrifice or weaning.
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Administration of Exogenous IL-4
IL-4 (mouse IL-4, 404-ML; R&D Systems) was prepared at a
concentration of 100 ng µl−1 using a 0.45% normal saline
solution and stored at −20◦C. The pups in the Hypoxia group
or the Hypoxia + IL-4 group were intranasally administered
saline or IL-4 at a total dose of 80 ng g−1. The IL-4 treatment
started 6 h after PVL and was repeated at postnatal days 5–
7. Briefly, the mouse heads were fixed vertically, and IL-4 was
administered by a microliter syringe (Hamilton CO., Reno,
Nevada) into one nostril. After administration, the pups were
held for 2min to allow the IL-4 to be absorbed. The control
animals were also administered the same volume of saline using
the same procedure.

Immunohistochemistry and Antibodies
At P4 and P11, mice were transcardially perfused with 4%
paraformaldehyde, and white matter slices were sectioned with
a microtome (Leica), as previously described (35, 36). Briefly,
the slices were transferred to a slide, and fetal bovine serum was
used to block the antigens. Then, the slices were incubated with
primary antibodies for 12–16 h at 4◦C; fluorescent-conjugated
secondary antibodies were applied for 2–3 h at room temperature
in the dark. To detect the maturity of oligodendrocytes, a
human antibody against MBP was used. To detect the location
of IL-4R, a rabbit antibody specific for phosphor-IL-4R was
used. Microscopes (90I, Nikon, Japan) were used to detect the
fluorescence values.

Western Immunoblotting
The white matter was dissected, and the total protein was
extracted with RIPA lysis buffer (Beyotime, Harman, China;
RIPA: protease inhibitors=1,000:1), as previously described. The
same protein amount (20 µg) was loaded onto sodium dodecyl
sulfate-polyacrylamide gels and separated by electrophoresis
(Bio-Rad, CA, USA). The proteins were transferred onto 0.2-
µm PVDF membranes, and the membranes were incubated with
different primary antibodies (see Table S1 for detail parameters)
overnight at 4◦C and with the appropriate secondary antibodies
for 2 h at room temperature. An ECL kit (Millipore, USA) and
an ECL Imaging System (Syngene G: BOX, UK) were used
to detect protein expression. The images were analyzed using
ImageJ software (NIH, Bethesda, Maryland).

Real-Time PCR
The total RNA was extracted from the white matter of the mice
at P4 and P7 according to the procedure of the RNA Extraction
Kit (LS1040, Promega). Real-time PCR was performed using a
CFX96 real-time PCR detection system (Bio-Rad) with SYBR
reagents (QuantiNova SYBR R© Green RT-PCR Kit, Qiagen). The
relative expression of cDNA fragments was normalized using
the average expression value of GAPDH and analyzed using the
comparative CT method (37). Real-time PCR was performed
using the primer sequences shown in Table S2.

ELISA
Whole brain tissues were collected at P7 to examine the
concentration of IL-4 in the brain using a Mouse IL-4 ELISA kit

[High Sensitivity; Neobioscience, EMC003(H)], according to the
manufacturer’s protocols. Briefly, the substrate was added to the
plate and then placed directly in the spectrophotometer (462 nm
wavelength, SpectraMax; Thermo, USA). The spectrophotometer
and software (SoftMax, Release Pro 5) were programmed to
shake the plate to homogenize the color in each well for 4 s
before every reading, and the plate was read every 60 s until
the end of the program. The sample levels were analyzed using
a microtiter plate reader (Thermo, USA). Each sample was
detected in duplicate, and the medians were used for analysis.

Electron Microscopy
Mice at P18 were deeply anesthetized with pentobarbital sodium
(50 mg/kg) and transcardially perfused with ice-cold phosphate-
buffered solution containing 4.0% glutaraldehyde (pH 7.4). The
brains were coronally sliced, and the white matter was dissected
and postfixed for 2 weeks. All the samples were examined with
an FEI transmission electron microscope (Tecnai G2 20 TWIN)
and processed for standard electron microscopy analysis. Briefly,
the white matter was dissected and postfixed for 2 weeks at room
temperature (20◦C). The samples were then dehydrated in 50–
70–80–90–95–100–100% alcohol for 15min each. The samples
were incubated with a mixture solution (acetone:embedding
medium = 1:1) overnight to permeabilize them, and then the
samples were polymerized for 48 h at 60◦C. A microtome (Leica
UC7) was used to slice the tissue into 60- to 80-nm sections.
Finally, uranium-lead (uranium-saturated aqueous solution of
2% acetate, lead citrate, 80096180) was used for staining for
15min each. The slices were observed under a transmission
electron microscope, and images were collected to calculate
the percentage of unmyelinated axons [axons <0.3µm were
excluded (38)] and the g ratio, which was calculated as the axon
diameter divided by the entire myelinated fiber (38, 39).

FACS
Mice were deeply anesthetized and transcardially perfused with
100ml of cold PBS, as described above. The M1 microglia and
M2 microglia in the white matter were detected as previously
described (40). The white matter in the mice in the Control,
Hypoxia, and Hypoxia + IL-4 groups was harvested in FACS
buffer (PBS with 1% FBS and 0.1% sodium azide) in a culture
plate and homogenized with the rubber plunger of a 2-ml syringe
on ice. Then, the cells were centrifuged at 3,000 rpm for 5min at
4◦C and resuspended in FACS buffer. Next, the cells were filtered
through a 100-µm strainer, resuspended in 1ml of FACS buffer
and counted. The cells were stained with fluorochrome-labeled
antibodies against CD45 (Biolegend, 368509, PE) and CD11b
(Biolegend, 101211, APC) on ice for 40min in the dark. The
fluorescence threshold was set on the basis of the reactivity of
the appropriate non-specific, fluorochrome-conjugated isotype
controls. The data of the stained samples were acquired on a
FACSCanto (a BD LSR II flow cytometer) using Diva software
(v6.1.2; Institut Pasteur, Paris). The data were analyzed using
FlowJo V10 software (v7.6.2; Tree Star, Ashland).
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Functional Study
Rotarod testing was conducted as previously described (41, 42).
The functional test was conducted at P30 and P60 with the ANY-
Maze Video Tracking System (ANY-Maze, USA). On the day
before the test, the animals were brought to the testing room
and allowed to rest for 2 h before testing. After a training session
of two consecutive trials before the testing day, the mice were
subjected to test sessions with two speed modes: accelerating
speeds (range, from 0 to 50 rpm) and fixed speeds (fixed, 40
rpm). Each test mode consisted of two trials on the rotarod, with
a maximum of 300 s. Each trial interval lasted more than 1 h.
The time each mouse spent on the rotarod was recorded, and the
average time of each trial was used for analysis (43).

Statistics
In our study, 15–18 mice per group were analyzed in the
functional study, and 4–6 mice per group were analyzed in
the histochemical experiments. All the data are expressed as
the mean ± S.E.M. and were analyzed by ANOVA (followed
by Tukey’s test) or unpaired Student’s t test. GraphPad Prism
(v.8.0.2) software and SPSS (v.20.0.0) software were used for
all the statistical analyses, as appropriate. P < 0.05 was
considered significant.

RESULTS

Severe Acute Hypoxia Causes PVL in
Neonatal Mice
We established the preterm PVL model by placing mice in
severe acute hypoxia or room air conditions, according to the
methods described by Clayton et al. with brief modification (33).
It was observed that reduced myelination due to a disrupted
oligodendrocyte progenitor (preOL) pool contributes to PVL.
Based on the images of the pathological brain specimens, diffuse,
small hemorrhagic spots were clearly observed at the tissue
surface at P4 in the Hypoxia group but were not observed at that
in the Control group (Figure 1A). Regarding protein expression,
hypoxia dramatically decreased the expression of myelin basic
protein (MBP) in the white matter area of P4 mice compared
to that in the white matter area of Control mice as determined
by Western blotting (Figure 1B) and immunohistochemistry
(Figures 1C,E,F). The expression of myelin-related mRNA (Ng2,
Mag, and Mbp) in the white matter of hypoxic mice at P4 was
obviously downregulated compared with that of the control mice
(Figure 1D). These data showed that the PVL model had been
successfully established.

Administration of Exogenous IL-4
Alleviates Functional Deficits in PVL
It is widely reported that IL-4 is closely associated with many
brain injury diseases, such as cerebral infarction (44), transient
focal cerebral ischemia (27, 28), neonatal asphyxia (45), and
hypoxic–ischemic encephalopathy (46). First, we performed a
dose-response experiment at the beginning of our research. We
set the dose of IL-4 to be intranasally administered to a total
of 0, 40, 80, and 120 ng g−1, and functional assessments were
conducted at P30, as shown in Figure S2. Functional differences

were significantly detected in the mice administered 80 and
120 ng g−1 IL-4. Therefore, we reported the concentration
of 80 ng g−1 in the study. To explore the effect of IL-
4 on PVL in a mouse model, the concentration of IL-4 in
the brain tissue and the expression of IL-4R in the white
matter of the mice exposed to control and hypoxia conditions
at P4 were detected. Obviously, decreased levels of IL-4 in
the brain tissue and increased expression of IL-4R in the
white matter were found in the mice exposed to hypoxia
compared to those in the mice exposed to control conditions
(Figures 2A–D). Exogenous IL-4 was intranasally administered
to easily penetrate through the blood–brain barrier. To evaluate
motor coordination and learning, rotarod testing was conducted
with the mice in the Control, Hypoxia, and Hypoxia + IL-4
groups. At P30, the functional study showed that the hypoxic
mice spent less time on the rotarod than the control mice.
However, the administration of exogenous IL-4 caused the
hypoxic mice to spend obviously more time on the rotarod
than the mice exposed to hypoxia and administered saline
(Figure 2E). Comparable results were observed in themice at P60
(Figure 2F).

Administration of Exogenous IL-4
Improves Myelination
The improvements observed in the functional study urged
us to examine the recovery of myelination in the mouse
brain. The expression of MBP in the brain was measured
by immunohistochemistry at P11 and by electron microscopy
at P18. The mice exposed to hypoxia exhibited obviously
delayed myelination in the brain compared to the mice
exposed to control conditions. Interestingly, the intranasal
administration of exogenous IL-4 to the mice exposed to
hypoxia rescued myelination compared with the administration
of saline to the hypoxic mice (Figures 3A–C,G). The g
ratio (calculated as the axon diameter divided by the entire
myelinated fiber) was used to assess the thickness of the
myelin sheath. The microscopy results showed that the hypoxic
mice had thinner myelination and a higher g ratio than the
control mice. However, exogenous IL-4 administration to the
hypoxic mice improved myelination and reduced the g ratio
compared with the administration of saline to the hypoxic
mice (Figures 3D–F,H). These data suggested that the intranasal
administration of exogenous IL-4 rescued the expression of MBP
and improved myelination.

Administration of Exogenous IL-4
Increases the Level of IL-4 in the Brain
To explore the role of IL-4 in the PVL model, the concentration
of IL-4 in the brain at P7 was measured by ELISA. The level
of IL-4 in the brains of mice exposed to hypoxia was lower
than that in the brains of mice exposed to control conditions
(Figure 2D). The intranasal administration of exogenous IL-
4 increased the level of IL-4 in the hypoxic mouse brain
(Figure 2D), indicating that the intranasal administration of IL-4
increased the concentration of IL-4 in the lesion area.

Frontiers in Neurology | www.frontiersin.org 4 September 2020 | Volume 11 | Article 930

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Yu et al. IL-4 Improves Functional Deficits

FIGURE 1 | Severe acute hypoxia causes diffuse white matter injury. (A) Images of pathological brain specimens from the mice in the Control (left) and Hypoxia (right)

groups at P4. Diffuse, small hemorrhagic spots (red arrow) were observed in brain tissue in the Hypoxia group but not in that in the Control group (n = 3 brains for

each group). (B) Western immunoblotting of MBP in the white matter from P4 mice exposed to control or hypoxic conditions. The expression level of MBP (top panel)

in the Hypoxia group was significantly lower than that in the Control group (n = 4 brains for each group, p = 0.01 by unpaired two-tailed t test). The histograms

represent the normalized relative quantitative values between the Control group and Hypoxia group. (C) Normalized relative quantitative values of the

(Continued)
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FIGURE 1 | immunohistochemistry analysis of MBP between the Control group and Hypoxia group. (D) Gene expression analysis of myelin-related mRNA (Ng2, Mag,

and Mbp) in the white matter of P4 mice exposed to control or hypoxic conditions. The gene expression levels of Ng2, Mag, and Mbp in the Hypoxia group were

significantly downregulated compared to those in the Control group (n = 4–5 brains for each group, p = 0.09, 0.04, and 0.03, respectively, by unpaired two-tailed t

test). GAPDH was used to normalize the gene expression levels. (E,F) Immunohistochemistry analysis of MBP in the white matter from the P4 mice exposed to control

(E) or hypoxic (F) conditions. Reduced MBP (green) was shown in the Hypoxia group compared to that in the Control group. The exposure time was 50ms in all the

scopes (n = 4–5 brain per group, p = 0.01 by unpaired two-tailed t test). All the data are expressed as the mean ± S.E.M. MBP, myelin basic protein; Ng2, nerve-glia

antigen 2; Mag, myelin-associated glycoprotein; Mbp, myelin basic protein.

FIGURE 2 | The administration of exogenous IL-4 improves the functional deficits of PVL. (A) Gene expression analysis of the IL-4 receptor in the white matter of the

P4 mice exposed to hypoxia or control conditions. The mRNA levels of the IL-4 receptor were significantly higher in the Hypoxia group than in the Control group (n =

4–5 mice per group, p = 0.008 by ANOVA). (B) Western immunoblotting of IL-4R in the white matter of the P4 mice exposed to control or hypoxic conditions. The

expression level of IL-4R (top panel) in the Hypoxia group was significantly higher than that in the Control group (n = 5 brains for each group, p = 0.01 by unpaired

two-tailed t test). (C) The histograms represent the normalized relative quantitative values between the Control group and Hypoxia group. (D) Concentration of IL-4 in

the P7 brains of the mice in the Control, Hypoxia, and Hypoxia + IL-4 groups (n = 6–7 mice per group, p = 0.0002 and 0.047, respectively, by ANOVA). (E,F),

Rotarod test of the mice in the Control, Hypoxia, and Hypoxia + IL-4 groups at P30 (E) and P60 (F). The mice in the Hypoxia group exhibited shorter times on the

rotarod than those in the Control group in different modes at P30 and P60 (p = 0.01, 0.009; 0.047, 0.001, respectively). However, the administration of IL-4 partially

rescued the time on the rotarod compared to the administration of saline to the hypoxia mice in different modes at P30 and P60 (n = 15–18 mice per group, p =

0.002, 0.027; 0.011, 0.037 by ANOVA). Acc, acceleration pattern; Fixed, fixed pattern.

Regulating the Effect of IL-4, Which Is
Partially Dependent on Microglia
Polarization
Many studies have found that microglia are involved in
the neuroinflammation that protects against brain damage.
To explore the role of microglial polarization in hypoxia,
the microglia in the white matter zone were quantitatively

analyzed by immunohistochemistry and Western blotting
experiments. The quantitative results of the microglia in the
white matter showed that exposure to hypoxia increased the

numbers of Iba+ microglia (Figures 4A–C,G–I). Interestingly,

IL-4 administration slightly decreased the numbers of Iba+

microglia (Figures 4A–C,G). In addition, microglial cells

(CD45+CD11b+) were sorted by FACS (Figure 4D), and the
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FIGURE 3 | Administration of exogenous IL-4 improves myelination. (A–C) Immunohistochemistry analysis of MBP at P11 in the white matter of the Control, Hypoxia,

and Hypoxia + IL-4 groups. The level of MBP in the mice exposed to hypoxia (B) was significantly reduced compared with that in the mice exposed to control

conditions (A) (n = 4–5 brains per group, p = 0.03 by ANOVA). However, the administration of exogenous IL-4 to the mice exposed to hypoxia (C) partly rescued

myelination compared to the administration of saline to the mice exposed to hypoxia (n = 4–6 brains per group, p = 0.04 by ANOVA). The exposure time was 50ms

in all the scopes. (G) Normalized relative quantitative values of the immunohistochemistry analysis of MBP among the Control group, Hypoxia group, and Hypoxia +

IL-4 group. (D–F) Electron microscopy images of the axons in the white matter of the P11 mice in the Control (D), Hypoxia (E), and Hypoxia + IL-4 (F) groups. (H) g

ratio of axon myelination. There was an increased g ratio in the Hypoxia group compared with that in the Control group (n = 3 brains per group, more than 20 axons

were calculated for each brain, p = 0.011 by ANOVA). However, the administration of IL-4 to the mice exposed to hypoxia decreased the g ratio compared to the

administration of saline to the mice exposed to hypoxia (p = 0.047 by ANOVA).

gene and protein expression of iNOS, Arg1, and TNF-a were
detected. Decreased iNOS and TNF-a expression and increased
Arg1 expression were observed in the mice in the Hypoxia+ IL-4
group compared with those in the Hypoxia group (Figures 4E,F),
suggesting that the administration of IL-4 promotes microglial
polarization from the M1 phenotype (CD45+CD11b+, high
iNOS expression) to the M2 phenotype (CD45+CD11b+, high
Arg1 expression).

DISCUSSION

As the most common form of injury in infants with very
low birth weights, PVL represents a large burden to the

health system (7–9). Previous studies have revealed the potent
neuroprotective effects of IL-4 in animal models (27, 28).
Myelination is considered to be correlated with the manifestation
of PVL (10, 11). Therefore, we performed the present study
using the hypoxia model to investigate the effect of IL-4
in PVL. In the present study, we found that the intranasal
administration of exogenous IL-4 improved the myelination of
axons, and the improvement of myelination might partly depend

on microglial polarization in the brain. These results show that

IL-4 is important in modulating the improvement of myelination

in PVL.
As the most potent immune cells in the CNS, microglial

cells play an important role in CNS repair and regeneration
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FIGURE 4 | Immunohistochemistry analysis of Iba1 in the white matter of P7 mice in the Control, Hypoxia, and Hypoxia + IL-4 groups. (A–C) Iba1+ cell staining at P7

in the white matter of the Control, Hypoxia, and Hypoxia + IL-4 groups. The numbers of microglia cells in the mice exposed to hypoxia (B) were significantly increased

compared with those in the mice exposed to control conditions (A) (n = 4–5 brains per group, p = 0.023 by ANOVA). Additionally, the administration of exogenous

IL-4 to mice exposed to hypoxia (C) slightly alleviated the activation of microglia compared to the administration of saline to the mice exposed to hypoxia (n = 4–5

brains per group, no significant difference, ANOVA). The exposure time was 50ms in all the scopes. (G) Normalized relative quantitative values of

(Continued)
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FIGURE 4 | immunohistochemistry analysis of Iba1 among the Control group (A), Hypoxia group (B), and Hypoxia + IL-4 (C) group. (E) mRNA expression of iNOS,

Arg1, and TNF-a in the microglial cells sorted by FACS at P7 from the white matter of the mice in the Control, Hypoxia, and Hypoxia + IL-4 groups. (F) Western

immunoblotting of iNOS, Arg-1, and TNF-a in the microglial cells sorted by FACS at P7 from the white matter of the mice in the Control, Hypoxia, and Hypoxia + IL-4

groups. Increased iNOS and TNF-a expression levels and decreased Arg-1 expression levels were observed in the Hypoxia group compared with the Control group.

However, IL-4 administration reversed the expression of these proteins (n = 4 brains for each group). (D) Microglial cells sorted by FACS. (H) Western immunoblotting

of Iba1 at P7 in the white matter of the mice in the Hypoxia and Hypoxia + IL-4 groups. The expression level of Iba1 in the Hypoxia + IL-4 group was significantly

lower than that in the Hypoxia group (n = 4 brains for each group, p = 0.011 by unpaired two-tailed t test). (I) Normalized relative quantitative values of Western

immunoblotting analysis of Iba1 in the P7 mice between the Hypoxia group and Hypoxia + IL-4 group. FACS, fluorescence-activated cell sorting.

(47, 48). Disruptions of myelination in early stages have
deleterious consequences for the development of neuronal
connectivity, such as in PVL, in both animal models and
human specimens (13). The polarized phenotypes of microglial
cells have distinct roles in the injury and recovery of white
matter. Consistent with previous studies, our results suggested
that hypoxia obviously increased the polarization of microglia
(increased Iba1+ cell activation, increased iNOS expression,
and decreased Arg1 expression) and caused a reduction in
myelination (decreased MBP expression) in the mouse PVL
model. In an in vitro model of inflammation, Chhor V
et al. proved that stimulation with anti-inflammatory cytokines
increased the expression of genes associated with the M2
microglial phenotype (such as Arg1); however, the expression
of genes associated with the M1 phenotype (such as iNOS)
was increased by stimulation with pro-inflammatory mediators
(17). In our study, the gene and protein expression of iNOS,
Arg1, and TNF-a were measured in FACS-sorted microglia by
RT-PCR and Western blotting. In accordance with reported
studies, our findings showed increased iNOS expression levels
in CD45+CD11b+ cells and decreased Arg1 expression levels
in CD45+CD11b+ cells. These results showed that microglial
cells are closely related to myelination disturbances in the PVL
mouse model.

As a T cell-derived mediator, IL-4 plays a critical role in
several neurological disorders (49). Derecki N et al. reported that
IL-4−/− mice exhibited severe learning abnormalities compared
with wild-type mice. In addition, increased production of
IL-4 was detected in mice training in the Morris water
maze compared to that in untrained mice (50). In a focal
ischemia mouse model, Xiong X et al. showed that IL-4
KO mice exhibited larger infarction volumes and worsened
neurological scores than wild-type mice. In our study, our
results showed that the administration of exogenous IL-
4 improved myelination and reduced the polarization of
microglia to the M1 phenotype. Furthermore, IL-4 alleviated
the hypoxia-induced functional impairment in a PVL mouse
model. As an immune cytokine, IL-4 has been reported to
regulate the expression of MHC class II molecules and the
enhancement of macrophage mannose receptor activity (51).
In addition, Chhor V et al. found that stimulation with IL-4
increased the gene expression of M2 markers (such as Arg-
1 and CD206) but did not increase the expression of M1
markers (such as TNF-a, IL-6, and IL-1b). Similarly, our results
showed that the administration of exogenous IL-4 decreased
iNOS expression in CD45+CD11b+ cells and increased Arg1
expression in CD45+CD11b+ cells. These results showed
that IL-4 attenuates myelination disturbances and functional

impairments by regulating microglia polarization in a PVL
mouse model.

However, despite an increasing body of evidence supporting
the beneficial effects of IL-4 in neurological diseases, the effect
of IL-4 in hypoxia-induced brain injuries is under debate
(44). Kim et al. reported that IL-4 levels were increased in
patients with cerebral infarction (44). However, our results
showed reduced IL-4 levels in the hypoxia-induced model. Many
possibilities may explain this controversy. (1) Different tissues
(serum and brain) exhibit different cytokine levels. Due to
interference by the blood–brain barrier, the IL-4 levels in the
brain may differ from those in serum. (2) Different experimental
models (cerebral infarction and PVL models, human, and mouse
models) may generate different IL-4 levels. The IL-4 receptor
alpha chain (IL-4Ra) has been reported to mediate the effects
of IL-4 signaling. When IL-4Ra binds its ligand, IL-4Ra can
dimerize with the gamma chain or the IL-13 receptor alpha1,
producing a type 1 complex or type 2 complex, respectively (52).
In our results, we found increased IL-4Ra protein levels and
decreased IL-4 concentrations in the PVL-induced mouse model.
Part of the reason for these observations is probably because
of compensatory mechanisms. A reduced ligand level would
promote an increase in ligand receptors to reduce changes in
the downstream signaling pathways. The mechanism of cerebral
infarction in patients is obviously different from that in the PVL
mouse model. However, the different effects observed in PVL
models and infarction models remind us that IL-4 might play
distinct roles in different diseases. In addition, our research only
showed the correlation between the administration of exogenous
IL-4 and the alleviation of functional deficits, and we did not
include IL-4−/− transgenic mice in our study. Our team will
address this limitation in our future work. Overall, intranasal IL-
4 administration improved myelination and alleviated functional
deficits, as presented in this study, which might be explained
by the polarization of microglia, including the regulation of
iNOS and Arg1 expression in CD45+CD11b+ cells. These results
might suggest the possibility of treating PVL by targeting the
polarization of microglia.

CONCLUSION

Overall, our findings demonstrated that the intranasal
administration of exogenous IL-4, at least in a hypoxia-induced
PVL model, could improve myelination and attenuate functional
deficits. These results show that intranasal IL-4 administration
may be a new strategy for PVL treatment. Polarization of
microglia is an important but not exclusive mechanism and
needs to be further explored.
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