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Interleukin-4 improves white matter
integrity and functional recovery
after murine traumatic brain injury
via oligodendroglial PPARc

Hongjian Pu1,2,* , Xuan Zheng2,*, Xiaoyan Jiang1,2,*,
Hongfeng Mu2 , Fei Xu1,2, Wen Zhu2, Qing Ye1,2,
Yunneng Jizhang2, T Kevin Hitchens3,4, Yejie Shi1,2 ,
Xiaoming Hu1,2 , Rehana K Leak5, C Edward Dixon1,6,
Michael VL Bennett7 and Jun Chen1,2

Abstract

Long-term neurological recovery after severe traumatic brain injury (TBI) is strongly linked to the repair and functional

restoration of injured white matter. Emerging evidence suggests that the anti-inflammatory cytokine interleukin-4 (IL-4)

plays an important role in promoting white matter integrity after cerebral ischemic injury. Here, we report that delayed

intranasal delivery of nanoparticle-packed IL-4 boosted sensorimotor neurological recovery in a murine model of

controlled cortical impact, as assessed by a battery of neurobehavioral tests for up to fiveweeks. Post-injury IL-4

treatment failed to reduce macroscopic brain lesions after TBI, but preserved the structural and functional integrity

of white matter, at least in part through oligodendrogenesis. IL-4 directly facilitated the differentiation of oligodendro-

cyte progenitor cells (OPCs) into mature myelin-producing oligodendrocytes in primary cultures, an effect that was

attenuated by selective PPARc inhibition. IL-4 treatment after TBI in vivo also failed to stimulate oligodendrogenesis or

improve white matter integrity in OPC-specific PPARc conditional knockout (cKO) mice. Accordingly, IL-4-afforded

improvements in sensorimotor neurological recovery after TBI were markedly impaired in the PPARc cKO mice com-

pared to wildtype controls. These results support IL-4 as a potential novel neurorestorative therapy to improve white

matter functionality and mitigate the long-term neurological consequences of TBI.
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Introduction

Traumatic brain injury (TBI), a leading cause of death

and disability in youth and adults, may cause neuronal

damage in grey matter and axonal injury in white

matter tracts.1,2 However, preclinical studies of inter-

ventions against TBI largely emphasize neuronal sur-

vival in grey matter—rather than protection of white
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matter—and most of these interventions have failed to
translate when tested in clinical trials.3 Indeed, accu-
mulating studies show that the extent of white matter
disruption is a more sensitive predictor of neurological
outcomes after TBI.4,5 Therefore, finding therapies that
can support white matter integrity after TBI is an
urgent, unmet need.

White matter injury induced by TBI is characterized
by loss of the myelin sheath (demyelination) and
axonal degeneration.6,7 The injured brain only shows
limited white matter repair, with insufficient axonal
regeneration and remyelination. After brain injury,
oligodendrocyte precursor cells (OPCs) actively
proliferate, but most of the newly generated OPCs
fail to differentiate into mature myelin-producing
oligodendrocytes (OLs), resulting in inadequate remye-
lination.8,9 Thus, interventions that induce OPC differ-
entiation and oligodendrogenesis may promote white
matter recovery after TBI.

Interleukin-4 (IL-4) is an anti-inflammatory cyto-
kine secreted from a variety of immune cells and
serves critical roles in the brain under physiological
and pathological conditions.10 After brain injury,
IL-4 receptors are widely expressed in brain cells,
including microglia, astrocytes, and oligodendrocytes.
Acting through these receptors, IL-4 participates in a
wide variety of processes, such as regulation of inflam-
mation, cell differentiation, and trophic factor produc-
tion.11,12 Our previous studies revealed that IL-4
regulates microglia/macrophage polarization towards
anti-inflammatory phenotypes and is critical for func-
tional recovery after brain ischemia.11,13 Through its
anti-inflammatory properties, IL-4 has also been
reported to promote white matter integrity after cere-
bral hypoperfusion.14 In addition to its classic role in
immune modulation, our recent study found that IL-4
promotes OPC differentiation and axonal remyelina-
tion after cerebral ischemia through the PPARc signal-
ing axis.15 However, whether IL-4 will facilitate
oligodendrogenesis and white matter recovery in TBI
is still unknown.

The current study is the first to investigate IL-4
treatment in a murine animal model of TBI. We
report the post-TBI intranasal administration of IL-4
as a novel intervention against white matter injury.
IL-4 treatment improved OPC differentiation, oligo-
dendrogenesis, white matter integrity, and long-term
sensorimotor function recovery after TBI. In addition,
we discovered that the white matter protection and
functional recovery afforded by IL-4 are mediated by
activation of PPARc signaling within oligodendro-
cytes. Overall, these findings indicate that activation
of the IL-4/PPARc signaling cascade may be a viable
clinically relevant therapeutic option to improve long-
term sensorimotor outcomes after TBI.

Materials and methods

Animals

All experimental procedures were in accordance with

the National Institutes of Health Guide for the Care and

Use of Laboratory Animal and the ARRIVE guidelines

(Animal Research: Reporting in Vivo Experiments)16

and approved by the University of Pittsburgh

Institutional Animal Care and Use Committee. All ani-

mals were housed in a temperature- and humidity-

controlled facility with a 12-h light/dark cycle. Food

and water were available ad libitum. We made all

efforts to reduce animal suffering and the number of

animals used.
Male wildtype (WT) and PPARc conditional knockout

(cKO) mice were used at 10–12weeks of age. PPARc
cKO mice (PDGFRaCreER(þ/�) PPARcflox/flox) were gen-

erated by crossing PPARcflox/flox mice with

PDGFRaCreER mice, in which Cre recombination is con-

trolled by 4-hydroxytamoxifen and limited to OPCs. WT

mice, PPARcflox/flox mice, and PDGFRaCreER mice were

purchased from the Jackson Laboratory (Bar Harbor,

ME). As characterized previously for the PDGFRaCreER

mice,17 4-hydroxytamoxifen injections resulted in Cre

recombination in over 93% of total OPCs in the

cortex. PPARc cKO mice were obtained by crossing

for at least two generations. Conditional knockout of

PPARc was induced by 4-hydroxytamoxifen injec-

tions in 10-week-old PDGFRaCreER(þ/�) PPARcflox/
flox mice (75mg/kg, i.p., once a day for five consecu-

tive days). The total number of animals used is listed

in Supplementary Table 1. Mortality rates showed no

difference between WT and PPARc cKO mice.

Murine model of traumatic brain injury

Fourteen days after the final tamoxifen injection, TBI

was elicited by unilateral controlled cortical impact

(CCI), as previously described.18 Briefly, animals were

randomly assigned to sham and TBI groups. All ani-

mals were anesthetized with 1.5% isoflurane in a 68.5%

N2O/30% O2 mixture through a nose cone. Under

anesthesia, mouse heads were stabilized in a stereotaxic

frame and a skin incision was made under aseptic con-

ditions to expose the skull and identify Bregma. A right

parietal craniotomy (diameter of 3.5mm; centered

0.5mm anterior and 2.0mm lateral to Bregma) was

prepared with a drill to expose the dura and cerebral

cortex. CCI was performed with a pneumatically driven

CCI device (Precision Systems and Instrumentation,

Fairfax Station, VA, USA) utilizing a 3mm (diameter)

flat-tipped impactor to compress the exposed brain

dura mater to a depth of 1.5mm, for a dwell time

of 150ms and at a peak velocity of 3.75m/s.
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Rectal temperatures were kept at 37� 0.5�C constantly

during surgery using a heating pad. After surgery, the
skin incision was sealed, and mice were placed in a

clean cage. Animals in the sham group were subjected

to anesthesia and skin incisions, but were not subjected
to craniotomy preparation or CCI.

Preparation and intranasal administration of IL-4

liposome nanoparticles

IL-4 liposome nanoparticles were prepared as
described.15 Briefly, lecithin (150mg) and cholesterol

(15mg) were dissolved in a chloroform-methanol

mixed solution (3:1, volume:volume; total volume:
5mL), and then evaporated under vacuum distillation

to form a lipid layer. Recombinant endotoxin-free IL-4

protein (1mg, Peprotech, Rocky Hill, NJ, USA) dis-
solved in water (5mL) was added to the lipid layer for

hydration for 30min. Ultrasonic probes were then
applied to homogenize the mixture for 15min in an

ice bath. After this, the mixture was filtered through

a 0.45-lm membrane and followed by ultra-filtered
with centrifugal filter units (100-KDa cutoff) to

remove the free IL-4 protein. Dynamic light scattering

(DLS) was used to evaluate the particle size, polydis-
persity index, and zeta potential of IL-4 protein-loaded

liposomes.15 The concentration of IL-4 protein in
the liposomes was examined by the bicinchoninic pro-

tein determination kit (Thermo Fisher Scientific,

Pittsburgh, PA, USA).
Animals were randomly distributed to receive intra-

nasal administration of vehicle or IL-4 (50 lg/kg body

weight) nanoparticle, starting at 6 h and repeated on
days 1–7 (daily), and then on days 14, 21, and 28

after TBI. One-time intranasal administration of this
dose resulted in significant elevation of IL-4 concentra-

tion in various brain regions, including cortex (CTX),

striatum (STR), corpus callosum (CC) and external
capsule (EC), for up to 12–24 h, and the above admin-

istration regimen showed efficacy in the mouse model

of focal cerebral ischemia and reperfusion.15 Briefly,
nanoparticle-packed IL-4 was diluted to the final con-

centration of 0.1 lg/lL. Under isoflurane anesthesia,
five drops (� 2lL/drop) of vehicle or diluted IL-4

nanoparticles were delivered alternately into each nos-

tril, with a 2-min interval between drops.

Behavior tests

Foot fault test. The foot fault test was performed as
described previously,19 to assess sensorimotor coordi-

nation during spontaneous locomotion. Briefly, an ele-

vated grid surface (40 cm (L)� 20 cm (W)� 30 cm (H))
with a grid opening of 2.25 cm2 (1.5 cm� 1.5 cm

square) was prepared. Mice were placed on the grid

surface and videotaped from below the grid for 1min.
The videotapes were analyzed by a blinded investigator
for the number of total steps and the number of foot
faults made by the left limbs (impaired side; contralat-
eral to brain lesion). The number of total steps reflects
gross locomotor function. Foot faults were determined
when the mouse misplaced its left forepaw or hind paw,
such that the paw fell through the grid opening, and
these numbers were presented as a percentage of total
steps.

Cylinder test. This test was employed to assess forelimb
asymmetry before and after TBI.20 Mice were placed in
a transparent cylinder (9 cm in diameter; 15 cm in
height) and videotaped from above for 8–10min. In
exploring the cylinder, mice typically exhibit spontane-
ous rears contacting the cylinder wall with the right
forelimb (R), the left forelimb (L), or both forelimbs
(B). Behavior was recorded and analyzed by an inves-
tigator blinded to treatment groups. As the brain injury
was in the right hemisphere, the preference for the
impaired left forelimb (the contralateral forepaw) was
calculated by the following formula: (LþB/2)/
(LþRþB)� 100%. Mice that exhibited fewer than
10 rears or a baseline preference for either forelimb
before TBI were excluded from further analyses.

Rotarod test. The Rotarod test was selected to test
motor coordination and dysfunction, as described
before.21 Mice were put on an rotating rod, the speed
of which accelerated from 4 to 40 r/min within 5min.
Mice were trained for three days (three trials daily)
before surgery and then tested three times per day at
the indicated testing day after TBI. Mice were allowed
to have 5min of intermission between trials each day.
The total time spent on the accelerating rod was fixed
and recorded digitally by the Rotarod machine when
the mice fell off the rod. The averages of three trials on
the last day of training were counted as the baseline
value. After surgery, the averages of three trials were
recorded on the days indicated in the figures.

Measurement of tissue loss

Animals were euthanized and followed by perfused with
saline and 4% paraformaldehyde (Sigma-Aldrich; St.
Louis, MO) in PBS. Brains were harvested and then
submerged in 30% sucrose in PBS two days for cryo-
protection. Coronal brain sections (25lm) were pre-
pared using a freezing microtome (model CM3050S;
Leica Biosystems, Wetzlar, Germany). Five or six equal-
ly spaced coronal brain sections were stained with
mouse anti-Microtubule-Associated Protein 2 antibod-
ies (MAP2; Millipore, 1:500 Burlington, MA) or Rabbit
anti-NeuN (Millipore, 1:500, St. Louis, MO), as
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described in the following section. Brain tissue loss was

calculated by ImageJ software. The total volume of

tissue loss was analyzed by subtracting the non-injured

volume of the ipsilateral hemisphere from the entire

volume of the contralateral hemisphere.

Immunofluorescence and image analysis

Coronal sections were collected as described above and

subjected to immunofluorescent staining. Free-floating

brain sections were incubated in 1% PBST (PBS with

1% Triton) for 15min after a series of washes, and then

blocked with 5% donkey serum for 1h. After another

series of washes, brain sections were incubated in primary

antibodies at room temperature for 1h and then overnight

at 4�C. After PBS washes, brain sections were incubated

on the following day with donkey secondary antibodies

conjugated to AlexaFluor 488 or Cy3 (1:1000, Jackson

ImmunoResearch Laboratories, West Grove, PA, USA),

for 1h at room temperature. After a series of washes,

brain sections were mounted and coverslipped with

Fluoromount-G containing 40, 6-diamidino-2- phenylin-

dole (DAPI; Southern Biotech, Birmingham, AL), to

stain cell nuclei. The following primary antibodies were

used: rabbit anti-myelin basic protein (MBP; Abcam,

1:500; Cambridge, MA), mouse anti-nonphosphorylated

neurofilaments (SMI32; Calbiochem, 1:1000; San Diego,

CA), rabbit anti-Neurofilament heavy chain subunit 200

(NF200; Abcam, 1:500; Cambridge, MA), rabbit anti-

beta-amyloid precursor protein (b-APP; ThermoFisher

Scientific, 1:500), rabbit anti-NG2 (Millipore, 1:400;

Temecula, CA), mouse anti-APC (Millipore, 1:400;

Burlington, ME). Fluorescence images were taken by

either an Olympus Fluoview FV1000 confocal microscope

and FV10-ASW 2.0 software (Olympus America) or an

inverted Nikon Diaphot-300 fluorescence microscope and

a SPOT RT slider camera and Meta Series Software 5.0

(Molecular Devices).
Two to three brain sections were selected in each

mouse. Two regions of interest (ROIs) in the perilesional

cortex and striatum, one ROI in the CC and one ROI in

the EC in each brain section were randomly selected and

captured using the same imaging parameters. The fluo-

rescence intensity of SMI32, MBP, and NF200, and the

number of b-APP particles were calculated in Image J

software by an investigator blinded to experimental

groups. The ratio of SMI32 to MBP fluorescence inten-

sity was calculated to evaluate white matter injury.

Western blot

After mice were euthanized, fresh brain tissues from the

CC and EC areas in the whole brain were quickly

extracted and frozen on dry ice. Western blot experi-

ments were performed on the protein extracts.

Standard SDS-polyacrylamide gel electrophoresis was

used. Briefly, polyvinylidene difluoride (PVDF) mem-

branes were blocked with 5% nonfat milk for 1h at

room temperature and then followed by incubated with

primary antibodies at 4�C overnight. After washing, sec-

ondary antibodies were applied to incubate the PVDF

membranes for 1h at room temperature (1:10,000, LI-

COR Biosciences, Lincoln, NE). After further washes,
the PVDF membranes were scanned and images were

taken with the LI-COR Odyssey Infrared Imaging

System 9201-550U (LI-COR Biotechnology, Lincoln,

NE). The following primary antibodies were used:

rabbit anti-MBP (Abcam; 1:1000, Cambridge, MA),

rabbit anti-neurofilament 200 (NF200; Abcam; 1:1000),

and mouse anti-b-actin (Sigma-Aldrich, 1:20,000; St.

Louis, MO). Images were analyzed by Image J software.

DTI

Diffusion tensor imaging (DTI) was applied to examine
white matter integrity at 35days after TBI.22 Mice were

deeply anesthetized with isoflurane and followed by

transcardially perfused with 0.9% NaCl and 4% PFA

in PBS. Ex vivo brains were harvested with the skull

intact to avoid anatomical deformation, and then

immersed in 4% PFA overnight at 4�C, followed by

storage in PBS. MRI was performed using a Bruker

AV3HD 11.7 Tesla/89mm vertical-bore microimaging

system equipped with a Micro2.5 gradient set capable

of 1500mT/m, ParaVision 6.0.1, and a 20mm quadra-

ture RF resonator (Bruker Biospin, Billerica, MA).

After positioning and pilot scans, the entire brain was

scanned and the data were collected into a DTI dataset
using a multislice spin-echo sequence with 5 A0 images

and 30 non-colinear diffusion images. The following

parameters were used: TE/TR 22/2800ms, 2 Averages,

160� 160 matrices, 16� 15mm field of view, 25 slices,

0.5mm slice thickness, b-value¼ 3000 s/mm2, and

D/d¼ 11.0/5.0ms. DSI Studio software (http://dsi-

studio.labsolver.org/) was used to analyze DTI data. A

single ROI encompassing the EC in the ipsilesional or

contralesional hemispheres was manually drawn in a

blinded manner to determine fractional anisotropy

(FA, reflects overall microstructural integrity), mean dif-

fusivity (MD, an inverse measure of the membrane den-
sity; generally sensitive to cellularity, edema, and

necrosis), and radial diffusivity (RD; kþ; generally sen-

sitive to myelin integrity).27 DSI Studio software was

used to generate directionally encoded color (DEC),

FA, MD and RD maps.

CAP measurements

Compound action potentials (CAPs) in the CC and EC

areas were measured as described previously.22 Briefly,
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mice were euthanized and decapitated followed by
rapid brain harvest. Coronal brain slices (350 lm)
were cut �1.06mm posterior from Bregma on a
Vibratome (Leica) and placed in pre-gassed (95% O2/
5% CO2) artificial cerebrospinal fluid (aCSF; NaCl
130mmol/L, KCl 3.5mmol/L, NaHCO3 24mmol/L,
Na2HPO4 1.25mmol/L, CaCl2 2mmol/L, MgSO4

1.5mmol/L, glucose 10mmol/L; pH 7.4) for 1 h at
22�C. Brain sections were then removed into a record-
ing chamber where they were constantly perfused and
submerged with aCSF (3–4mL/min) at 22�C. A con-
centric bipolar stimulating electrode was placed into
the CC, approximately 0.9mm lateral to the midline.
A glass extracellular recording pipette (filled with
aCSF, 5 to 8 MX tip resistance) was placed into the
EC, 0.75mm lateral to the stimulating electrode. The
recordings made 0.75mm from the stimulating elec-
trode were analyzed. Both electrodes were placed at a
depth of 50–100 lm on the brain slices, and the signal
was adjusted and optimized by an investigator blinded
to experimental groups. The input stimuli ranged from
0 to 1750 lA (100 ls duration, delivered at 0.05Hz).
The evoked CAPs were recorded by an Axoclamp 700B
(Molecular Devices) and analyzed with pCLAMP 10
software (Molecular Devices). The average waveforms
of four successive sweeps in two slices per mouse were
quantified. The recording shows two negative peaks,
conventionally referred to as N1 and N2, and described
further below.

Primary OPC cultures

Primary oligodendrocyte progenitor cell (OPC) cultures
were isolated as previously described.23 Briefly, brains of
Sprague Dawley rat pups (postnatal days 1–2, mixed
sex) were quickly harvested on ice. After removal of
the meninges and blood vessels, brains were triturated
and followed by dissociated with Trypsin (0.01%) for
15min at 37�C. Cells were then washed with ice-cold
DMEM and followed by passed through a 70-lm
filter. After this, cells were plated onto T-flasks coated
with poly-D-lysine and filled with culture media
(DMEM/F12 containing 10% heat-inactivated fetal
bovine serum, 1mM sodium pyruvate, 2mM L-gluta-
mine, 50U/mL penicillin, 100lM nonessential amino
acids and 50lg/mL streptomycin). Cells in the T-flasks
were cultured in a humidified incubator at 37�C with
5% CO2 to grow to confluence (12–14 d in vitro
(DIVs)). To remove microglia, the glia-containing
flasks were shaken for 1 h at 180 r/min. After this,
OPCs were further separated from the astrocyte layer
by shaking the flasks at 200 r/min overnight. OPCs
were cultured for three to five days in a basal defined
medium (BDM: DMEM, 0.1% bovine serum albumin,
50lg/mL insulin, 50lg/mL human apo-transferrin,

30nM sodium selenite, 10 nM hydrocortisone, 10nM

D-biotin) with serum-free but containing 10ng/mL

platelet-derived Growth factor AA (PDGF-AA) and

10ng/mL bFGF. OPCs were stimulated with T3

(50 ng/mL) and CNTF (10ng/mL) as positive controls

to induce oligodendrocyte (OL). Media were exchanged

every twodays. To examine the role of IL-4 in OPC

differentiation, primary OPCs were treated with IL-4

at escalating concentrations (2.5, 5, 10, 20 ng/mL). To

mimic TBI in vitro, chondroitin sulfate proteoglycan

(CSPG, 50lg/mL) was added into the medium, and

20ng/mL IL-4 was applied to treat the CSPG-injured

OPCs. OPCs were also treated with the PPARc inhibi-

tor GW9662 (0.5lM) or vehicle (DMSO) for 30min,

followed by co-incubation with IL-4 (0, 10 or 20ng/

mL), T3þCNTF or vehicle for fivedays. Double immu-

nostaining of mature OL marker MBP and OPC marker

NG2 was performed at five days after treatment.

Examination of newly proliferated cells

Cells that had proliferated recently were labeled with

the S-phase marker 5- bromo-20-deoxyuridine (BrdU;

Sigma-Aldrich, St. Louis, Missouri), as described pre-

viously.24 In brief, BrdU (50mg/kg of body weight)

was injected (i.p.) twice a day, three to six days after

TBI. At 35 days after TBI, mice were sacrificed to har-

vest brains, and coronal brain sections were prepared

as described above. Sections were incubated with 1N

HCl for 1 h, and then with 0.1M boric acid (pH 8.5) for

15min at room temperature. Sections were further

blocked with M.O.M. kit (Vector, Burlingame, CA,

USA) for 1 h at room temperature to reduce non-

specific staining, and followed by incubated with

mouse anti-BrdU antibodies (1:1000; BD Biosciences)

for 1 h at room temperature, and then overnight at 4�C.
After washing on the next day, brain slices were incu-

bated with 488-AffiniPure donkey anti-mouse IgG

(1:1000; Jackson ImmunoResearch Laboratories) for

1 h at room temperature.
Oligodendrogenesis was assessed by double-labelling

brain sections for BrdU and the OL marker APC. At

least two microscopic fields in the CTX and STR, one

field in the CC and one field in the EC were sampled in

each section. Two to three sections were selected in each

mouse. BrdU and APC double immunopositive cells

were counted using Image J. Oligodendrogenesis was

evaluated as the number of BrdUþ/APCþ cells in the

designated fields, divided by the area of the fields in mm2.

Statistical analysis

Results are presented as mean� standard deviation

(SD) or as quartiles for box plots. SPSS software was

used for statistical analyses. For each data set, the

Pu et al. 515



Kolmogorov–Smirnov normality test was first per-
formed to determine the data distribution patterns.
For normally distributed data (parametric), the
Student’s t test was used for single comparisons or
one-way ANOVA and Bonferroni/Dunn post hoc
tests for multiple comparisons. For abnormally distrib-
uted data (nonparametric), Mann–Whitney U test or
Kruskal–Wallis test with Bonferroni/Dunn post hoc
tests was used for single and multiple comparisons,
respectively. Differences in means across groups with
repeated measurements over time were analyzed by the
repeated-measures ANOVA and Bonferroni/Dunn
post hoc tests. Pearson product linear regression anal-
yses were used to correlate behavior measurements and
multiple histological parameters. A p value of <0.05
was considered statistically significant. Further details
on each comparison can be found in the statistics
report (Table S2).

Results

Intranasal administration of IL-4 facilitates long-term
sensorimotor recovery after traumatic brain injury

Long-term neurological functions are key parameters
to evaluate TBI outcomes.25 To assess the therapeutic
efficacy of IL-4 intranasal administration on TBI, the
foot fault and cylinder tests were applied to examine
sensorimotor functions, before and up to 35 days after
TBI (Figure 1(a)). Mice in sham groups showed no
difference after they received either vehicle or IL-4
treatment. Therefore, the two groups of sham controls
(WT-sham or cKO-sham, treated with vehicle or IL-4)
were combined for statistical analysis for all in vivo
experiments throughout the study. As expected, TBI
induced dramatic sensorimotor deficits, as demonstrat-
ed by significant increases in foot fault rates in both
forepaws and hind paws (Figure 1(b) and (c)).
However, IL-4 treatments attenuated foot fault rates,
starting as early as seven days after TBI in the forepaw
and five days after TBI in the hind paw (Figure 1(b)
and (c)). Forelimb asymmetry was also induced by
TBI, as shown by lower contralateral forepaw use in
the cylinder test. IL-4 treatment successfully alleviated
the asymmetry from 21 days after TBI until the end of
the testing period (Figure 1(d)). During the testing
period, the total forepaw or hind paw steps in the
foot fault test and the total contacts with the cylinder
during rearing behavior in the cylinder test showed no
differences among groups, suggesting that the impacts
of IL-4 and TBI did not arise from clear variations in
gross motor abilities (Figure S1(a) to (c)).

To determine whether IL-4-induced recovery of neu-
rological function was associated with preservation
of brain tissue, we measured the volume of brain

tissue loss using neuronal MAP2 immunostaining
(Figure 1(e)) at 35 days after TBI. The results showed
that IL-4 did not prevent gross brain tissue loss, as indi-
cated by the comparable volumes of tissue loss (Figure 1
(f)) and cross-sectional areas of tissue loss per section in
vehicle versus IL-4-treated mice (Figure S1(d)).

IL-4 promotes the structural integrity of myelin and
axonal fibers after traumatic brain injury

Next, we examined potential mechanisms underlying
the neurological improvements induced by IL-4 intra-
nasal administration post-injury. Accumulating evi-
dence demonstrates that white matter integrity is
essential for maintaining neurological function after
TBI.22,26 Thus, we investigated white matter histologi-
cal indicators. First, we assessed the microstructure of
white matter components by double-staining brain sec-
tions for MBP (marker for myelin) and SMI32 (marker
for demyelinated axons) at 35 days after TBI (Figure 2
(a) and (b)). TBI induced the expected disruption in
myelin sheaths, as identified by a decrease of MBP
and a concurrent increase in SMI32 intensity (Figure
2(a)). A significant increase in the SMI32/MBP ratio
was observed in the peri-lesional CC and STR areas
after TBI (Figure 2(c) to (f)). However, IL-4 treat-
ment successfully attenuated myelin disruption in the
CC (Figure 2(c)). To investigate whether the
improvement in myelin integrity was associated
with sensorimotor recovery, Pearson product linear
regression analyses were performed on SMI32/MBP
ratios and sensorimotor functions at 35 days after
TBI. The foot fault rate of the forepaw positively
and moderately correlated with SMI32/MBP ratios
in the CC, CTX, and STR (Figure S2(a) to (d)). In
addition, contralateral forepaw use correlated nega-
tively with SMI32/MBP ratios in the CC, CTX, and
STR (Figure S2(e) to (h)). These data suggest that
improved myelin integrity may be an important
factor in IL-4-induced neurological protection.

To better characterize the integrity of the myelin
sheath and axon, we then measured expression of the
myelin marker MBP and axonal neurofilament marker
NF200 in the CC and EC areas by semiquantitative
immunoblotting 35 days after TBI (Figure 2(g)). TBI
induced loss of both MBP and NF200 in the CC and
EC areas, while IL-4 treatments completely abolished
these changes (Figure 2(h) and (i)). These collective
findings strongly support the hypothesis that post-
TBI treatment with IL-4 promotes axon and myelin
integrity.

Aside from oligodendroglial myelin sheaths, we also
immunostained neuronal axons with NF200 at 35 days
after TBI (Figure 2(j) to (k)). TBI induced considerable
axon damage in both CC and STR areas, as identified
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by loss of NF200 intensity, whereas IL-4 treatment par-
tially restored axon integrity in the CC and STR
(Figure 2(k)). Using Pearson product linear regression
analyses, we found that axon integrity in the CC and
STR areas correlated strongly with sensorimotor func-
tions 35 days after TBI (Figure S2(i) to (n)). These
results suggest that post-TBI treatment with IL-4 pre-
serves axonal integrity, which appears to be more close-
ly related with sensorimotor recovery than myelin
integrity per se.

Next, we investigated whether IL-4 treatment
reduces axonal injury at acute injury stages by labeling
brain sections collected three days after TBI with anti-
bodies against NF200 and the axonal damage marker
b-APP (Figure 2(l)). The numbers of b-APPþ particles
located along the NF200þ axon neurofilaments in the
perilesional CC, EC and STR were calculated. TBI dra-
matically increased b-APPþ particles along the neuro-
filaments, whereas IL-4 treatments decreased the same
measure, in all three regions examined (Figure 2(m)).
Taken together, these data demonstrate that intranasal

Figure 1. Delayed intranasal IL-4 delivery promotes long-term sensorimotor recovery after TBI. Mice received intranasal admin-
istrations of IL-4 (50 lg/kg) or vehicle starting at 6 h after CCI and repeated on days 1–7 (daily) and then on days 14, 21, and 28 after
CCI. Long-term sensorimotor function and brain tissue loss were analyzed. (a) Illustration of experimental timeline. (b–c) Foot fault
test. The foot fault rates of the left forelimb (b) and hindlimb (c) were quantified. (d) Cylinder test. Contralateral forepaw use was
calculated. The shadowed region indicates the portion of data that displayed significant differences (21–35 days). (e) Five coronal
sections spanning from 1.10mm anterior to Bregma to 1.94mm posterior to Bregma were stained for the neuronal somatodendritic
marker MAP2 at 35 days after TBI. The dashed line defines the border of tissue loss. Scale bar¼ 1mm. (f) Blinded quantification of
volume of tissue loss, defined as the viable tissue volume of the ipsilateral hemisphere subtracted from the viable tissue volume of the
contralateral hemisphere. *p< 0.05, **p< 0.01, ***p< 0.001, ns: no significance. A two-way repeated measures ANOVA with
Bonferroni post hoc was used in b–d. Unpaired t test was used in f. Foot fault test: n¼ 8 in sham group, n¼ 12 in TBIþVehicle and
TBIþIL-4 group. Cylinder test: n¼ 10 per group in cylinder test. Tissue loss: n¼ 10 in TBIþVehicle group, n¼ 12 in TBIþIL-4 group.
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Figure 2. IL-4 treatment restores the structural integrity of white matter after TBI. (a) Representative high-power images of MBP and
SMI32 immunostaining in the peri-lesional corpus callosum (CC), external capsule (EC), cortex (CTX), and striatum (STR) at 35 days
after TBI. The dotted white lines trace the boundaries of the EC. Scale bar¼ 50mm. (b) Representative low-power images of MBP and
SMI32 immunostaining in coronal brain sections. Squares indicate the areas where images were captured in panel A. Scale bar¼ 1mm.
(c–f) Quantification of the ratio of SMI32/MBP in CC, EC, CTX, and STR. n¼ 8 per group. (g) Representative images of NF200 and MBP
bands by Western blot. (h, i) Quantification of NF200 (h) and MBP (i) expression in Western blots. n¼ 6 in sham group, n¼ 4 in
TBIþVehicle group, n¼ 5 in TBIþIL-4 group. (j) Representative high-power images of NF200 staining in the CC, EC, and STR at 35 days
after TBI. Scale bar¼ 50mm. The dotted white lines trace the boundaries of the EC. Nuclei were labeled with DAPI (blue). (k)
Quantification of the intensity of NF200 immunosignal in the CC, EC, and STR areas. n¼ 6 per group. (l) Representative high-power
images of NF200 and b-APP immunostaining in the CC, EC, and STR at three days after TBI. The dotted white lines trace the boundaries
of EC. White squares indicate where the enlarged images in column 4 were taken. Scale bar¼ 50mm. (m) Quantification of the number of
b-APP immunopositive particles in the peri-lesional CC, EC, and STR areas. n¼ 6 per group. *p< 0.05, **p< 0.01, ***p< 0.001, ns: no
significance, by one-way ANOVA followed by Bonferroni post hoc or Kruskal–Wallis test with Dunn post hoc.
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administration of IL-4 protects the structural integrity
of axon projections during both acute and chronic
stages of TBI.

IL-4 enhances the functional integrity of white matter
after traumatic brain injury

Ex vivo diffusion tensor imaging (DTI) scans were per-
formed to evaluate the integrity of white matter in
the EC area 35 days after TBI or sham operation
(Figures 3(a) and S3(a) and (b)). Increased mean diffu-
sivity (MD) and radial diffusivity (RD) indicate loss of
white matter integrity.27 Compared with the sham-
operated group, the TBI and vehicle-treated group dis-
played the expected increases in MD and RD values,
while TBI-subjected mice treated with IL-4 showed sig-
nificant reductions in the same measures, suggesting
protection of white matter integrity by IL-4 (Figure 3
(b) and (c)). Pearson product linear regression analyses
revealed that MD and RD values correlated positively
with forepaw foot-fault rates (Figure 3(d) and (e)), and
correlated negatively with the rate of contralateral fore-
paw use in the cylinder test (Figure S3(e) and (f)).
Fractional anisotropy (FA) and axial diffusivity (AD)
also indicate white matter integrity.27 The FA value
decreased significantly after TBI, revealing disrupted
white matter (Figure S3(c)). However, neither parame-
ter was sensitive enough to evaluate IL-4-induced white
matter changes in the current experiment (Figure S3(c)
and (d)).

We investigated collective axon conduction proper-
ties to continue to assess the functional integrity of
white matter at 35 days after TBI. Evoked compound
action potentials (CAPs) exhibit an early downward
peak, representing fast-conducting myelinated axons
(N1), and a late downward peak, representing slow-
conducting unmyelinated axons (N2) (Figure 3(f)
and (g)). The velocity of N1 and N2 transduction
showed no difference after TBI or IL-4 treatments
(Figure S3(g) and (h)). However, the amplitudes of
the N1 and N2 segments were reduced at 35 days
after TBI (Figure 3(h) and (i)), revealing impaired con-
duction through both myelinated and unmyelinated
axons. IL-4-treated mice showed less reduction in N1
amplitude after TBI, suggesting superior myelinated
axon transduction compared to mice in vehicle-
treated group (Figure 3(h)). Furthermore, the ampli-
tude of N1 showed a statistical trend towards a
negative correlation with the forepaw foot fault rate
(Figure 3(j), p¼ 0.052), but not with the rate of contra-
lateral forepaw use in the cylinder test (Figure S3(i)).
As the amplitude of N2 showed no difference between
vehicle and IL-4-treated mice, we did not find signifi-
cant correlations between N2 amplitudes and the
behavior measurements (Figures 3(k) and S3(j)).

These data suggest that IL-4 treatment protects the
electrophysiological properties of myelinated axons,
which is likely to contribute significantly to improve-
ments in sensorimotor function.

IL-4 directly encourages OPC differentiation into
mature oligodendrocytes in a PPARc-dependent
manner

We investigated the impact of IL-4 on OPC differenti-
ation, as mature OLs form the myelin sheaths and are
the major component of white matter.28 Previous stud-
ies have reported that IL-4 receptors are expressed in
OPCs.11 In the present study, IL-4 was added directly
to primary OPC cultures at increasing concentrations,
from 2.5 to 20 ng/mL. At DIV 5, the number of NG2þ

OPCs and MBPþ mature OLs was analyzed to evaluate
OPC differentiation (Figure 4(a) and (b)). IL-4 directly
promoted OPC differentiation at all concentrations,
especially at 10 and 20 ng/mL, at which its efficacy
was comparable to our positive control, the prodiffer-
entiation T3 cocktail (Figure 4(c)). These results are
consistent with our recent observations on the effect
of IL-4 in promoting OPC differentiation.15

We have determined the effect of IL-4 in the presence
of chondroitin sulfate proteoglycans (CSPG), which
tends to accumulate in TBI lesions and forms a non-
permissive environment that restricts OPC differentia-
tion and cell survival.29 IL-4 treatment (20 ng/mL)
significantly increased MBPþ OLs in cultures (Figure 4
(d) and (e)), indicating that IL-4 may be able to promote
OPC differentiation into mature OLs under TBI-
relevant conditions. PPARc is a ligand-dependent tran-
scription factor that belongs to the hormone nuclear
receptor superfamily.30 Agonists of PPARc are known
to promote the differentiation of OPCs into OLs.31,32

On this backdrop, we investigated whether IL-4-
induced OPC differentiation in primary OPCs is mech-
anistically dependent on PPARc signaling.33 Indeed, the
selective PPARc antagonist 2-chloro-5-nitro-N-phenyl-
benzamide (GW9662)15 significantly decreased the
number of OLs in cultures after treatment with 10 or
20ng/mL IL-4 (Figure 4(f) and (g)). These data suggest
that IL-4 can directly induce OPC differentiation, in a
partially PPARc-dependent manner.

IL-4 treatment promotes oligodendrogenesis by
35 days after TBI

Next, we investigated if IL-4 treatment also promotes
oligodendrogenesis in vivo. Newly generated mature
OLs were labeled in brain sections with antibodies
against BrdU (marker for newly generated cells) and
APC (marker for mature OLs) 35 days after TBI. The
density of BrdUþAPCþ cells (newly generated mature

Pu et al. 519



Figure 3. IL-4 improves the physiological function of myelinated fibers after TBI. (a) Representative diffusion encoded color
(DEC), mean diffusivity (MD), radial diffusivity (RD), and fractional anisotropy (FA) maps of ex vivo virtual coronal slices and MBP
immunostained coronal brain sections at 35 days after TBI. Scale bar¼ 1mm. (b, c) Quantification of MD (b) and RD (c) values
in the EC. IL: ipsilateral hemisphere, CL: contralateral hemisphere. n¼ 8 in sham and TBIþVehicle group, n¼ 6 in TBIþIL-4 group.
*p< 0.05, **p< 0.01, ***p< 0.001, ns: no significance, as per one-way ANOVA and Bonferroni post hoc. (d, e) The Pearson
correlation between foot fault rate of forepaw (%, foot fault test) and MD (d) or RD values (e). n¼ 6–8 per group. (f–g)
Electrophysiological analyses of coronal slices prepared from sham, TBIþVehicle, and TBIþIL-4 mice at 35 days after TBI. (f) Schematic
illustration of the position of the stimulating (“Stim”) and recording (“Rec”) electrodes in CC/EC. (g) Representative curves of
CAPs in myelinated N1 fibers and unmyelinated N2 fibers. (h–i) Quantification of the amplitude of evoked CAPs in N1 and N2 fibers.
*p< 0.05, ***p< 0.001, ns: no significance. Two-way ANOVA followed by Bonferroni post hoc test. n¼ 7 in sham and TBIþVehicle
group, n¼ 8 in TBIþIL-4 group. (j, k) Pearson correlation between foot fault rate of forepaw (%, foot fault test) and N1 amplitude
(j) or N2 amplitude (k).
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Figure 4. IL-4 directly improves primary OPC differentiation into mature oligodendrocytes in a PPARc-dependent manner. (a)
Primary OPC cultures were treated with vehicle (PBS), T3 (50 ng/mL) þ CNTF (10 ng/mL) or escalating concentrations of IL-4 for
five days. Cells were triple-stained with MBP (green), NG2 (red), and DAPI (blue). Scale bar¼ 50lm. (b) Schematic illustration of the
experimental design in a, c, d, and e. (c) Quantification of MBPþ cells and NG2þ cells (as percentages of total cells) in panel A. ***p<
0.001 versus vehicle, ###p< 0.001 versus T3þCNTF by one-way ANOVA and Bonferroni post hoc. (d) Primary OPC cultures were
treated with vehicle (PBS), CSPG (50 ug/mL), or CSPG þ IL-4 (20 ng/mL) for five days, and then immunostained for MBP (green) and
NG2 (red). Nuclei were labeled with DAPI (blue). Scale bar¼ 50lm. (e) Quantification of MBPþ cells and NG2þ cells as percentages
of total cells. *p< 0.05, ***p< 0.001 by one-way ANOVA and Bonferroni post hoc. (f) Primary OPC cultures were treated with
vehicle (DMSO) or GW9552, a PPARc antagonist, followed by T3þCNTF and two concentrations of IL-4 for five days. Cells were
then immunostained for MBP (green) and NG2 (red), and nuclei were labeled with DAPI (blue). Scale bar¼ 50lm. (g) Quantification
of MBPþ cells and NG2þ cells as percentages of total cells. **p< 0.01, ***p< 0.001, ns: no significance by t-test or Mann–Whitney U
test. Six fields from three independent experiments were quantified.
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OLs) in the perilesional CC, EC, CTX, and STR was
measured (Figure 5(a) to (c)). TBI induced spontane-
ous oligodendrogenesis in all regions examined, and
IL-4 treatments significantly promoted the generation
of mature oligodendrocytes in the peri-lesional CC and

CTX (Figure 5(d) to (g)). The increase in oligodendro-
genesis elicited by IL-4 may underlie the robust
improvements in neurological functions. As expected,
Pearson product linear regression analysis showed that
the number of BrdUþAPCþ cells in the CC displayed a

Figure 5. IL-4 treatment promotes oligodendrogenesis in peri-lesional areas after TBI in vivo. (a) Representative low-power images
of APC immunostaining in the coronal plane. Scale bar¼ 500lm. (b) Representative high-power images of BrdU and APC double
immunostaining in the CC, EC, CTX, and STR at 35 days after TBI. Nuclei were stained with DAPI. Scale bar¼ 50mm. The dotted
white lines trace the boundaries of the EC. The white squares in the third column indicate where the enlarged images in the fourth
column were captured. (c) Representative images showing a newly generated OL by 3D rendering with Imaris software. (d–g)
Quantification of BrdUþAPCþ cells in the CC, EC, CTX, and STR areas. *p< 0.05, **p< 0.01, ***p< 0.001, ns: no significance, by one-
way ANOVA followed by Bonferroni post hoc. n¼ 8 in sham group, n¼ 14 in TBIþVehicle group, n¼ 12 in TBIþIL-4 group. (h–k)
Pearson correlations between the foot fault rate of the forepaw (%, foot fault test) and BrdUþAPCþ cell counts in the CC, EC, CTX,
and STR. n¼ 8 per group.
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statistical trend toward a negative correlation with
forepaw foot fault rates (Figure 5(h), p¼ 0.089). In
addition, BrdUþAPCþ cells in the EC and CTX (but
not STR) significantly and negatively correlated with
the forepaw foot fault rate (Figure 5(i) to (k)). These
data demonstrate that IL-4 treatment boosts the levels
of oligodendrogenesis within 35 days after TBI in vivo,
leading to improvements in neurological functions.

IL-4 treatments fail to enhance oligodendrogenesis
after TBI in the absence of oligodendroglial PPARc

The data collected thus far suggested that IL-4
improves OPC differentiation into mature OLs in a
PPARc-dependent manner in vitro. Thus, we pro-
ceeded to test whether activation of the PPARc signal-
ing axis by IL-4 could promote oligodendrogenesis in
the in vivo TBI model, using a transgenic mouse
(PPARc cKO) strain to specifically knock out
PPARc within OPCs. Conditional knockout of
PPARc in OPCs did not impair spontaneous OL regen-
eration after TBI, as exhibited by considerable numbers
of BrdUþAPCþ cells in the CC, EC, CTX, and STR in
PPARc cKO mice at 35 days after TBI (Figure 6(a) to
(e)). However, the capacity of IL-4 to further increase
the numbers of newly generated BrdUþAPCþ OLs was
abolished when the expression of PPARc was absent in
OPCs (Figure 6(b) to (e)). These collective results sug-
gest that PPARc activation induced by IL-4 is essential
for both OPC differentiation in vitro and oligodendro-
genesis in vivo.

Conditional knockout of oligodendroglial PPARc
abolishes IL-4-induced white matter protection
and weakens IL-4-afforded neurological
protection after TBI

Finally, we investigated the impact of IL-4 treatment
on white matter integrity in PPARc cKO mice after
TBI. TBI led to significant white matter demyelination
in the CC, CTX, and STR, as evidenced by increased
SMI32/MBP ratios in PPARc cKO mice (Figure 7(a)
to (e)). Unlike in WT mice, intranasal IL-4 administra-
tion failed to protect myelin integrity in all regions
examined in PPARc cKO mice (Figure 7(b) to (e)).
Conditional knockout of PPARc in OPCs did not
change the protein expression of NF200 and MBP in
CC and EC areas in sham-operated mice (Figure S4(a)
and (b)). Consistently, IL-4 treatment also failed to
increase the protein expression levels of NF200 or
MBP after TBI in PPARc cKO mice (Figure S4(c)
and (d)). The same as WT mice, PPARc cKO mice in
sham groups showed no difference after they received
vehicle or IL-4 treatment. Sham-operated PPARc cKO
mice showed no impairment in sensorimotor functions,

as evidenced by similar sensorimotor abilities with
sham-operated WT mice (Figure S5(a) to (d)).
However, PPARc cKO minimized IL-4-induced behav-
ioral improvement after TBI, as no statistical difference
was observed between vehicle and IL-4-treated PPARc
cKO mice in the cylinder test (Figure 7(f)). The
Rotarod test was also applied as an indicator of
motor coordination and balance. However, IL-4 treat-
ment did not exert protective effects in PPARc cKO
mice after TBI, as suggested by comparable latencies to
fall in vehicle versus IL-4-treated mice (Figure 7(g)). In
the foot fault test, IL-4 treatment still decreased fore-
limb and hindlimb foot fault rates in PPARc cKO mice
after TBI (Figure 7(h) and (i)), but to a much lower
extent than in WT mice (Figure 1). Moreover, IL-4
treatment showed no effect on gross brain tissue loss
in PPARc cKO mice at 35 days after TBI (Figure S6(a)
and (b)). These results demonstrate that IL-4 fails to
promote white matter integrity when PPARc is not
expressed in OPCs, resulting in weaker or no protection
of neurological function.

Discussion

We demonstrated the robustly protective roles of IL-4
treatments after TBI in the present study, by examining
histological, DTI, electrophysiological, and behavioral
parameters. Despite its failure to prevent gross neuronal
tissue loss, intranasal administration of IL-4 after TBI
significantly promoted the structural and functional
integrity of white matter in perilesional areas.
Mechanistically, IL-4 facilitated OPC differentiation
and oligodendrogenesis through PPARc activation,
which enhanced white matter integrity and neurobeha-
vioral recovery. The boost in white matter integrity with
IL-4 likely contributed to the recovery of long-term sen-
sorimotor functions. These results suggest a potential
novel role for IL-4 in the protection of white matter
and long-term functional recovery after TBI.

Traumatic brain injury is pathologically character-
ized by both gray and white matter injury, and for
which there is currently no cure.34 Here, we leveraged
the intranasal route into the brain as direct means of
drug delivery to the injured central nervous system.35

Our findings that delayed IL-4 delivery improved long-
term sensorimotor functions after TBI are consistent
with our previous work on IL-4-mediated neuroprotec-
tion in experimental cerebral ischemia.11,13,15 Other
studies have reported similarly beneficial effects of
IL-4 upon neurological functions. For example, T
cell-derived IL-4 is critical for memory and learning
in the normal brain.36 Second, the expression levels of
IL-4 in the brain decrease with age, which may contrib-
ute to cognitive decline in aged populations.37 We did
not analyze cognitive function in the present study, but
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future studies of the impact of IL-4 on cognitive func-
tions in the context of TBI would be valuable.

Traumatic injury in white matter initiates numerous
pathologies, including acute oligodendrocyte and

axonal injury as well as impaired axonal conduction

between neural networks. Severe traumatic injury

may gradually evolve into chronic, long-term white

matter impairment, unless endogenous repair processes

Figure 6. IL-4 treatment fails to enhance oligodendrogenesis in PPARc cKO mice after TBI. (a) Representative images showing BrdU
and APC double immunostaining in the CC, EC, CTX, and STR in OPC-specific PPARc cKO mice at 35 days after TBI. Scale
bar¼ 50mm. The dotted white lines trace the boundaries of the EC. (b–e) Quantification of BrdUþAPCþ cells in the CC, EC, CTX,
and STR. *p< 0.05, **p< 0.01, ns: no significant difference, by one-way ANOVA followed by Bonferroni post hoc or Kruskal–Wallis
test with Dunn post hoc. n¼ 6 in sham group, n¼ 9 in Vehicle group, n¼ 6 in IL-4 group.
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Figure 7. PPARc is essential for IL-4-induced structural improvements of white matter integrity and long-term neurological recovery
after TBI. The impact of IL-4 treatment on white matter integrity was examined in PPARc cKO mice at 35 days after TBI. (a)
Representative images of MBP and SMI32 double immunostaining in coronal brain sections of PPARc cKO mice at 35 days after TBI.
Scale bar¼ 50lm. (b–e) Quantification of the SMI32/MBP ratio in the CC, EC, CTX, and STR areas. n¼ 6 in sham group, n¼ 7 in
vehicle group, n¼ 8 in IL-4 group. *p< 0.05, **p< 0.01, ns: no significant difference, by one-way ANOVA followed by Bonferroni post
hoc or Kruskal–Wallis test with Dunn post hoc. (f) Asymmetry in contralateral forepaw use showed no difference between vehicle
and IL-4-treated mice after OPC-specific PPARc KO. (g) The latency to fall in the rotarod test showed no difference between vehicle
and IL-4-treated mice after OPC-specific PPARc KO. (h, i) The foot fault rates of forepaws (h) and hind paws (i) were evaluated by the
foot fault test in PPARc cKO mice up to 35 days after TBI. *p< 0.05, **p< 0.01, ***p< 0.001, ns: no significant difference, by two-way
repeated measures ANOVA and Bonferroni post hoc tests. n¼ 8 in sham group, n¼ 10 in vehicle and IL-4-treated group in cylinder
and rotarod test; n¼ 8 in sham group, n¼ 17 in vehicle and n¼ 18 IL-4-treated group in foot fault test.
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are successfully activated.34,38,39 Consistent with our
previous work,22 TBI induced both acute and chronic
axonal injury, as demonstrated by accumulation of
b-APP particles along neurofilaments at 3 days after
TBI and decreased NF200 signal at 35 days after TBI.
In addition, TBI disrupted myelin integrity, as evi-
denced by increases in the SMI32/MBP ratio, a mea-
sure that lies in proportion to the degree of
oligodendrocyte injury and demyelination.

Brain injury is known to increase glial expression of
IL-4-specific receptors, including on microglia/macro-
phage and oligodendrocyte lineage cells.11 IL-4 is a
well-known immune modulator and exerts direct or
indirect roles in the regulation of white matter compo-
nents in the CNS.15,40 A protective role of IL-4 against
demyelination has been reported in experimental mul-
tiple sclerosis, in which IL-4 knockout mice suffer from
increased demyelination and functional deficits.41

Furthermore, an in vitro study using mixed glial cul-
tures demonstrated that IL-4 promotes the differentia-
tion of OPCs into mature OLs by anti-inflammatory
actions on astrocytes and microglia.42 The regeneration
of myelin-forming OLs and the remyelination of func-
tional axons are essential steps for the restoration of
white matter integrity.43 In addition to its well-known
anti-inflammatory effects, our previous study identified
a new function of IL-4 in the direct stimulation of OPC
differentiation into mature OLs under conditions of
brain ischemia.15 In the present study, we confirmed
that IL-4 also promotes OPC differentiation in vitro
and stimulates oligodendrogenesis in perilesional
areas in vivo after TBI.

PPARc is a master transcription factor that could
enhance myelin lipid synthesis, reduce oxidative stress,
and promote mitochondrial function, thus promote
OPC differentiation into mature OLs.44 We previously
reported that the PPARc agonist rosiglitazone pro-
motes OPC proliferation and increases the generation
of mature oligodendrocytes after brain ischemia.23 In
that study, we also showed that PPARc inhibition in
vitro or OPC-specific PPARc KO in vivo attenuated
the ability of IL-4 to enhance OPC differentiation and
oligodendrocyte replacement after brain ischemia.15

PPARc agonists have been shown the abilities to inhib-
it inflammation,45,46 neurotoxicity,47 neuronal autoph-
agy, and apoptosis48 after TBI. However, the role of
PPARc in white matter function after TBI had not
been addressed. Here, we have demonstrated that IL-
4 improves OPC differentiation and oligodendrogene-
sis after TBI by activating PPARc signaling. Precisely
how IL-4 binding to its receptor and activate PPARc is
not yet examined, but IL-4 may activate PPARc via
signal transducer and activator of transcription 6
(STAT6) in macrophages and other cell types accord-
ing to previous studies.42,49 Whether IL-4 activate

PPARc through STAT6 in OPCs was not investigated

in the present study but warrants further studies. In the

present study, we did not find the impairment of spon-

taneous oligodendrogenesis with the conditional

knockout of PPARc in OPCs. This may indicate that

there is no endogenous compensatory increase in

PPARc in OPCs after TBI. In different experimental

settings and studies, the expression of PPARc in brains

after TBI has been controversial. In a murine CCI

model, no significant change of PPARc mRNA expres-

sion was found in the brain following TBI.50,51 On the

contrary, Yi et al.45 reported that the PPARc mRNA

expression was increased by two folds at 24 h after

experimental TBI. Another study detected clinical

specimens and found that both the mRNA and protein

level of PPARc were decreased in TBI patients.52

Future studies on how the endogenous IL-4 and

PPARc changes in OPCs and OLs after TBI may be

of value.
Consistent with its failure to enhance oligodendro-

genesis after TBI in the absence of PPARc in OPCs,

IL-4 also did not affect the SMI32/MBP ratio in OPC-

specific PPARcKOmice. However, IL-4 treatment still

decreased both forelimb and hind limb foot fault rates

in PPARc KO mice, albeit to a lower extent than in

WT mice. This result may be explained by the persis-

tent anti-inflammatory functions of IL-4 and its regu-

lation of microglia/macrophage polarization.53,54 In

the present study, we did not analyze inflammatory

cascades in the brain, but future studies to address

this question may also be of value.
In conclusion, the present study demonstrates a

novel therapeutic approach for TBI. Intranasal admin-

istration of IL-4 nanoparticles after TBI preserved the

integrity of white matter and promoted long-term sen-

sorimotor recovery. These protective effects may partly

come from the promotion of OPC differentiation and

oligodendrogenesis through PPARc. Overall, these

results indicate that IL-4 might be leveraged as a prom-

ising therapeutic option for potential white matter res-

toration and functional neuroprotection after TBI.
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