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Abstract
Background and Purpose: Traumatic brain injury (TBI) destroys white matter, and this destruction is
aggravated by secondary neuroin�ammatory reactions. Although white matter injury (WMI) is strongly
correlated with poor neurological function, understanding of white matter integrity maintenance is limited,
and no available therapies can effectively protect white matter. One candidate approach that may ful�ll
this goal is cannabinoid receptor 2 (CB2) agonist treatment. Here, we con�rmed that a selective CB2
agonist, JWH133, protected white matter after TBI.

Methods:  The controlled cortical impact (CCI) was used to establish a moderate TBI model in adult male
Sprague-Dawley rats ( 8–10 weeks, 250–300g). The motor evoked potentials (MEPs), open �eld test, and
Morris water maze test were used to assess neurobehavioral outcomes. Brain tissue loss, WM damage,
Endoplasmic reticulum stress (ER stress), and microglia responses were evaluated after TBI. The
functional integrity of WM was measured by diffusion tensor imaging (DTI) and transmission electron
microscopy (TEM). Primary microglia and oligodendrocyte cocultures were used for additional
mechanistic studies.

Results: JWH133 increased myelin basic protein (MBP) and neuro�lament heavy chain (NF200) levels
and anatomic preservation of myelinated axons revealed by DTI and TEM. JWH133 also increased the
numbers of oligodendrocyte precursor cells and mature oligodendrocytes. Furthermore, JWH133 drove
microglial polarization toward the protective M2 phenotype and modulated the redistribution of microglia
in the striatum. Further investigation of the underlying mechanism revealed that JWH133 downregulated
phosphorylation of the  protein kinase R (PKR)-like endoplasmic reticulum (ER) kinase (PERK) signaling
pathway and its downstream signals eukaryotic translation initiation factor 2 α (eIF2α), activating
transcription factor 4 (ATF4) and Growth arrest and DNA damage-inducible protein (GADD34); this
downregulation was followed by p-Protein kinase B(p-Akt) upregulation. In primary cocultures of
microglia and oligodendrocytes, JWH133 decreased phosphorylated PERK expression in microglia
stimulated with tunicamycin and  facilitated oligodendrocyte survival.  These data reveal that
JWH133ultimately alleviates WMI and improves neurological behavior following TBI. However, these
effects were  were prevented by SR144528(i.p. injection 3 min before receiving JWH133 intraperitoneally),
a selective CB2 antagonist.

Conclusions: This work illustrates the PERK-mediated interaction between microglia and
oligodendrocytes. In addition, the results are consistent with recent �ndings that microglial polarization
switching accelerates WMI, highlighting a previously unexplored role for CB2 agonists. Thus, CB2
agonists are potential therapeutic agents for TBI and other neurological conditions involving white matter
destruction.

Introduction
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More than 50 million people experience traumatic brain injury (TBI) each year worldwide, and
approximately half of the world population is likely to have one or more TBIs during their lifetime[1].
Additionally, China has more TBI patients than most other countries (China had more than 1.39 billion TBI
patients at the end of 2017, representing approximately 18% of the world population), making this
condition a serious public health concern and placing very large burdens on society and families[1, 2].

TBI causes not only gray matter damage but also severe white matter injury (WMI), thereby disrupting
signal transmission and eliciting poor sensorimotor and cognitive functional outcomes[3, 4]. Indeed, the
extent of WMI in TBI patients is strongly correlated with neurological de�cits, and diffusion tensor
imaging (DTI) of white matter presents prognostic value for neurological status[4, 5]. However, there are
currently no satisfactory therapeutic strategies to alleviate WMI resulting from TBI. Unfortunately, many
preclinical TBI studies have strongly emphasized the protection of gray matter over white matter, which
has inevitably contributed to many disappointing results in preclinical trials to date[6].

The endocannabinoid system contains cannabinoid receptors 1 and 2 (CB1 and CB2); two
endocannabinoids, anandamide (AEA) and 2-arachidonoylglycerol (2-AG); and enzymes for
endocannabinoid anabolism and catabolism[7]. Endocannabinoid signaling is involved in the regulation
of brain development, neurotransmitter release, synaptic plasticity, and cytokine release from microglia
and is therefore implicated in multiple neurological disorders, such as TBI, stroke, and multiple
sclerosis[8]. Furthermore, endocannabinoid signaling in plasma and brain samples is altered in
experimental models of neurological disorders. Abundant evidence has con�rmed that targeting the
endocannabinoid system has medical bene�ts, which has initiated efforts to develop cannabinoid-based
therapeutics. However, these efforts have been disappointing, especially in relation to the unwanted
central side effects of CB1 activation, which have limited further development of drugs targeting this
receptor. However, the discovery of CB2 and its endogenous cannabinoid receptor ligands has raised new
possibilities for safe targeting of the endocannabinoid system[7].

Endoplasmic reticulum (ER) stress and abnormal protein accumulation have been observed in the
pericontusional brain and are considered to be signi�cant mechanisms of secondary injury after TBI[9].
Recent studies have shown that activation of protein kinase R (PKR)-like ER kinase (PERK) mediates the
unfolded protein response (UPR) signaling pathway that predominates following TBI. Notably,
suppressing aberrant activation of PERK relieves brain injury after TBI[10]. However, the in�uence of CB2
agonism on the TBI-induced activation of PERK is not clear.

Previous studies have veri�ed the anti-in�ammatory effects of CB2 activation[11, 12]. Thus, we explored
the effects of CB2 activation on microglia/macrophage phenotype polarization and on oligodendrocytes
(OLs). We also investigated the interaction mechanism between microglia and OLs. We found that the
selective CB2 agonist JWH133 suppresses the PERK signaling pathway, which then serves to inactivate
eukaryotic translation initiation factor 2 α (eIF2α) via dephosphorylation. eIF2α inactivation
downregulates the expression of activating transcription factor 4 (ATF4) and GADD34. As a result, Akt
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phosphorylation is upregulated and drives microglia/macrophage polarization toward the M2 phenotype,
which helps to protect OLs and alleviate WMI after TBI.

Materials And Methods
Controlled cortical impact (CCI) model establishment and grouping

Adult male Sprague-Dawley rats (8–10 weeks, 250–300 g) were purchased from the Experimental Animal
Center of Chongqing Medical University (Chongqing, China). Rats were generally anesthetized via
intraperitoneal (i.p.) injection of chloral hydrate (3.5%, 350 mg/kg), and a circular craniotomy (5 mm in
diameter) was performed (located 4 mm posterior to bregma and 2.5 mm lateral to the sagittal suture
over the right parietal cortex). Following the craniotomy, a CCI model was established with a TBI-0310 TBI
model system (Precision Systems and Instrumentation, USA) and the following impact parameters, as
previously reported: a velocity of 3.5 m/s, a depth of 2.5 mm, and a dwell time of 200 ms [13]. The sham
rats underwent the same procedures as the CCI rats but without impact.

The rats were randomly divided into four groups in this study: the sham group, the TBI + vehicle (vehicle)
group, the TBI + JWH133 (JWH) group, and the TBI + SR144528 + JWH133 (SR+JWH) group. The sham
group received only a craniotomy, the vehicle group underwent CCI and received an equal volume of
vehicle, the JWH group underwent CCI and received a selective CB2 agonist, JWH133 (1.5 mg/kg,
MedChemExpress, USA), by i.p. injection at 1 h after operation, and the SR +JWH group underwent CCI
and received SR144528 (3 mg/kg, Cayman, USA) by i.p. injection 3 min before receiving JWH133
intraperitoneally. SR144528 is a selective CB2 antagonist. JWH133 and SR144528 were dissolved in
DMSO/ethanol/0.9 % saline (1:1:18) and injected intraperitoneally into each animal. Untreated animals
received an equal volume of vehicle (DMSO/ethanol/0.9 % saline (1:1:18). JWH133 and SR144528 were
used according to the methods of previous studies[12, 14].

Immunohistochemistry and quanti�cation

Immuno�uorescence staining was examined 72 h after surgery, rats (n = 6, per group) were euthanized
and perfused intracardially with PBS followed by 4% paraformaldehyde. Brains were removed, post�xed
in 4% paraformaldehyde for 24 h and dehydrated in a 30% sucrose solution for 3–5 days at 4 °C. Coronal
brain sections (20-µm thickness) were subjected to immuno�uorescence staining. Brie�y, after washing
with PBS, the sections were permeabilized with 0.4% Triton X-100 in PBS for 30 min at room temperature,
blocked with 10% goat serum for 1 h at 37°C, and subsequently incubated overnight with primary
antibodies at 4°C. After three washes in PBS, the sections were incubated with the appropriate secondary
antibodies for 1 h at 37°C. The above protocol was repeated once for double staining[14]. The primary
antibodies included anti-Iba1 (1:500, Wako, polyclonal Japan), anti-CD206 (1:100, Santa Cruz
Biotechnologies, monoclonal, USA), anti-CD86 (1:100, Santa Cruz Biotechnologies, Monoclonal, USA),
anti-NG2 (1:100, Biorbyt, polyclonal UK), anti-APC (1:100, Millipore, Monoclonal, USA), anti-myelin basic
protein (MBP) (1:100, Millipore, Monoclonal, USA), and anti-neuro�lament H (NF-H) (1:100, CST,
Monoclonal, USA) antibodies. Confocal microscopy (Zeiss, LSM780, Germany) was used to capture
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images. A minimum of 6 images were captured for each rat from corpus callosum (CC), external capsule
(EC) and cortex. The immune-positive cell numbers were calculated with ImageJ software, and presented
as the mean number of cells per square millimeter. The immunostaining intensity of MBP, NF200 was
used to demonstrate white matter damage after TBI with ImageJ software. All counts were obtained in a
blinded fashion[12].

The distribution of microglia around myelin sheaths was assessed by counting the microglial cell bodies
in contact with and localized within each myelin sheath in the striatum. The proportion of microglia in
contact with myelin relative to the amount of myelin in each image �eld was calculated. Hence, different
amounts of myelin in different �elds were considered to represent changes in the redistribution of
microglia in relation to myelin[15].

Western blot analysis

Western blot assays were performed 72 h after operation. Protein from the pericontusional cortex and
corpus callosum area was extracted in RIPA lysis buffer (containing protease and phosphatase
inhibitors) prepared as described previously to perform western blotting[11]. Fifty micrograms of prepared
protein were loaded into each lane of SDS-PAGE gels. The primary antibodies used in this study included
anti-total-PERK (1:1000, CST, Monoclonal, USA), anti-phospho-(p-)PERK (1:1000, Invitrogen, Monoclonal,
USA), anti-total-eIF2α (1:1000, CST, Monoclonal, USA), anti-p-eIF2α (1:1000, CST, Monoclonal, USA), anti-
ATF4 (1:1000, CST, Monoclonal, USA), anti-Gadd34 (1:1000, Proteintech, polyclonal China), anti-total-Akt
(1:1000, CST, Monoclonal, USA), anti-p-Akt (1:1000, CST, Monoclonal, USA), anti-p-inositol-requiring
enzyme 1α (p-IRE1α) (1:1000, Proteintech, polyclonal China), anti-activating transcription factor 6 (ATF6)
(1:1000, Proteintech, polyclonal China), anti-MBP (1:1000, Millipore, Monoclonal, USA), anti-NF-H (1:100,
Proteintech, polyclonal China), anti-GAPDH (1:1000, Proteintech, Monoclonal, China), and anti-β-tubulin
(1:1000, CST, Monoclonal, USA) antibodies. Brie�y, the polyvinylidene di�uoride (PVDF) membranes were
blocked in 5% nonfat milk for 1 h at room temperature and then incubated with primary antibodies at 4°C
overnight. Subsequently, the membranes were incubated with appropriate secondary antibodies for 1 h at
room temperature. The bands were visualized with a Fusion-FX7 system (Vilber Lourmat, Chongqing,
China). ImageJ software was used for densitometric analyses[16].

Real-time polymerase chain reaction

Total RNA was extracted from pericontusional cortex and EC using RNeasy Mini Kit (Qiagen) according to
the manufacturer’s instructions (72 h after operation, n=6 per group). One microgram of RNA was reverse-
transcribed into cDNA using a PrimeScriptTM RT kit (Vazyme, Nanjing, China). RT-PCR systems were set
up in 10 µl volumes using a SYBR Premix Ex Taq II kit (Vazyme, Nanjing, China), and RT-PCR was
performed on a CFX-96 Real-Time PCR Detection System (Bio-Rad, USA). The program included 30 s at
95°C, 40 cycles of 5 s at 95°C and 30 s at 60°C, and melt curve analysis. Gene expression was quanti�ed
and normalized to that of standard samples (GAPDH)[12]. The sequences of the primers for M1-
phenotype genes were as follows: CD16 forward sequence, ATCCTAGACCCTGAATGGG; CD16 reverse
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sequence, GCGAGATGAGGCTTTTGT; CD32 forward sequence, CAAAGCCAACCACAGTCA; CD32 reverse
sequence, CAATACCGGCAACGAACT; CD86 forward sequence, TGTTGGCCTATCTGCTCTC; and CD86
reverse sequence, AGCTCACTCGGGCTTATG. The sequences of the primers for M2-phenotype genes were
as follows: CD163 forward sequence, GGGGTTCCGTCTGTGAT; CD163 reverse sequence,
TGTCCGCTTCCTTCTCC; CD206 forward sequence, CAACCAAAGCTGACCAAAG; CD206 reverse sequence,
AAGAAATAGGCCGCAACA; Arg1 forward sequence, CAGTATTCACCCCGGCTA; and Arg1 reverse sequence,
CCTCTGGTGTCTTCCCAA.

Laser speckle contrast imaging (LSCI)

LSCI was conducted to image cerebral perfusion and record cerebral blood �ow (CBF) 3 d after TBI (n = 6,
per group). The rat body temperature was maintained at 37 ± 0.5°C during the procedure. First, a midline
incision was made to expose the skull. Tampons were used to keep the exposure area clean and dry. The
head of a PeriCam PSI System was adjusted to ensure that the red cross (indicator laser, 660 nm) was
located at the center of the brain, and the measurement distance was kept at 10 cm. The test area was
adjusted with PIMSoft. Cerebral blood signals were collected at 785 nm and transferred into blood
perfusion images via PIMSoft. Perfusion images were collected with a PeriCam high-resolution LSCI
instrument (PSI System, Perimed) with a 70 mW built-in laser diode for illumination and a CCD camera
installed 10 cm above the skull. Cerebral perfusion was calculated in the region of interest (ROI) located
between the bregma and lambda in the hemisphere containing the contusional and pericontusional
cortex using PIMSoft software. The CBF change is presented as the mean perfusion value [17, 18].

Electrophysiologic recording

To record the motor evoked potentials (MEPs) elicited by transcranial electrical stimulation 2 weeks after
TBI, rats (n = 6, per group) were anesthetized with 1% pentobarbital sodium (25 mg/kg i.p.)[19]. A
stimulation needle electrode (DSN1620, Medtronic, USA) was inserted subcutaneously at the base of the
nose with the tip touching the scalp, acting as the anode. The cathode was placed at the midpoint of an
imaginary line between the two ears. The ground electrode was placed subcutaneously at the base of the
tail. The recording electrode was inserted into the contralateral gastrocnemius muscle to record MEPs.
Electrical stimulation was performed with a stimulator to excite the brain (Keypoint, Medtronic, USA). A
single pulse of stimulation (10 mA, 0.1 ms, 1 Hz) was delivered by a single electrode. The electrical
stimulation was repeated at least �ve times in each rat with an interval of 15 s. The base-to-peak
amplitude of a single stimulation was recorded as the MEP. The MEP and the latency were recorded for
analysis[20].

Transmission electron microscopy (TEM)

TEM was used to measure the thickness of myelin in the corpus callosum (CC)/external capsule (EC)
area 3 d after TBI. Rats (n = 6, per group) were initially perfused with ice-cold saline and subsequently
perfused with 4% PFA and 2.5% glutaraldehyde in 0.1 mol/L PBS buffer. The CC/EC tissue near the CCI
site was microdissected into 1-mm3 specimens. Then, these samples were immersion-�xed for 24 h in 2%
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glutaraldehyde, washed in PBS and �xed in 1% osmium tetroxide in 0.1 M PBS for 45 min. The
specimens were dehydrated in increasing concentrations of acetone and embedded in Araldite resin.
Ultrathin 60-nm sections were cut on a Leica UCT ultramicrotome with a diamond knife (Diatome, Wetzlar,
Germany). The prepared ultrathin sections were mounted on copper grids, stained with uranyl acetate and
lead citrate, and viewed with a JEM-1400Plus TEM (H-7500, Hitachi Ltd., Japan). Images were acquired in
randomly selected CC/EC areas from each section at a magni�cation of 20,000×. The g-ratios of the
myelinated �bers were calculated using ImageJ software by an investigator blinded to the experimental
groups, and at least 60 myelinated �bers from each rat were analyzed. The g-ratio was calculated as the
ratio of the inner diameter (axon) to the outer diameter (axon and myelin sheath)[21].

DTI scanning and analyses

DTI was used to evaluate white matter integrity 2 weeks after TBI (7, 8). Rats (n = 6, per group) were
initially anesthetized with 3% iso�urane and then positioned on an animal cradle with a stereotaxic head
holder. Anesthesia was maintained with between 1% and 1.5% iso�urane. Respiration and temperature
were monitored continuously during the scanning process. A DTI dataset covering the entire brain was
collected with the following parameters: TE=0.85 ms, TR=5000 ms, 256 × 128 matrix, a total of 32
diffusion sampling directions, b= 826.59 s/mm2, in-plane resolution = 0.12 mm, and slice thickness =0.8
mm. These parameters have been established for acquisition of high-resolution DTI scans in small
animals[21].

ParaVision version 5.0 (Bruker BioSpin) was used for analysis of the DTI data. The ROI was drawn
manually in a blinded manner to encompass the CC/EC in the ipsilesional hemisphere in order to
determine the fractional anisotropy (FA) and radial diffusivity (RD) values. The RD value was calculated
using the equation: see equations in supplementary �les section.

Behavioral tests

Behavioral tests were conducted by individuals blinded to the experimental groups (n=6) 2 weeks after
TBI.

Morris water maze test. Cognitive function was analyzed with the Morris water maze as described
previously[21]. Brie�y, the rats were trained to search for a hidden platform by using a series of prominent
extramaze cues. Nontoxic ink was used to make the water opaque, and the water temperature was
maintained at 22–26°C. In the learning test, the rats were tested for 5 consecutive days, and the circular
platform (diameter =12 cm, height=20–35 cm) was submerged 2 cm beneath the water surface in a
circular pool (diameter = 150 cm, height=60 cm). Each rat was placed into the pool at one of three
locations and allowed to locate the hidden platform for 60 s. Each animal was trained in 3 trials (with
randomly assigned starting positions) per day to locate the platform. At the end of each trial, the rat was
placed on the platform or allowed to stay on the platform for 15 s with prominent spatial cues displayed
around the room. The time spent reaching the platform (learning phase) was recorded. A memory test
was performed on day 14. The platform was removed, and a single 60 s probe trial was conducted. The
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time spent in the target quadrant where the platform was previously located was recorded. The swim
speed of each rat was also recorded to assess gross motor skills during the experiments. The motion trial
and behavioral data from the spatial learning test and memory test were recorded and analyzed using a
video-based tracking system (ANY-maze, Stoelting, USA).

Open �eld test. Anxiety-like behavior was evaluated two weeks after TBI in an open �eld apparatus (100
cm ×100 cm ×40 cm box). Brie�y, a rat was placed in the center of the open �eld box, and activity was
measured and recorded for 5 consecutive minutes using a video-based tracking system (ANY-maze,
Stoelting, USA). The total movement time and the time spent in the center of the open �eld box were
analyzed by an investigator who was blinded to the experimental groups[23].

Cell culture

Primary microglial culture. Primary microglial cultures were prepared as previously described with slight
modi�cations[24]. Brie�y, pups were sacri�ced, and their brains were isolated. Then, the cerebellum was
dissected away from each brain, and the meninges and choroid plexus tissue were separated from the
cortical and ventricular surfaces. The cortices were dissected away from the diencephalon, cut into 2–3-
mm2 pieces and digested with papain and DNase (Sigma) in a 37°C water bath for 10 min. After
centrifugation (1000 rpm for 5 min) and resuspension, the cells were plated in poly-L-lysine (10%,
Solarbio, China)-precoated cell culture �asks and cultured in high-glucose DMEM (Gibco) containing 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin (Solarbio). After culturing for 10 d in a
humidi�ed atmosphere at 37°C containing 5% CO2 and 95% air, the cells formed a con�uent monolayer
(medium changes were performed every 3 d). The microglia were separated from the astrocytes by
shaking the �ask for 4 h at 220 rpm to detach the layer of loosely adherent astrocytes. The purity of the
microglia was > 98%, as veri�ed using anti-Iba-1 immuno�uorescence staining. Subsequently, the
microglia were seeded on poly-L-lysine-precoated coverslips for immuno�uorescence analysis.

Primary OL culture. Primary OLs were collected from 1-d-old postnatal rats as described previously with
slight modi�cations[25]. Brie�y, pups were sacri�ced, and their brains were isolated. Then, the cerebellum
was dissected away from each brain, and the meninges and choroid plexus tissue were separated from
the cortical and ventricular surfaces. The cortices were dissected away from the diencephalon and cut
into 2–3-mm2 pieces. Papain and DNase (Sigma) were used for tissue digestion in a 37°C water bath for
10 min with occasional inversion. More DNase was added if the tissue became gel-like. The cells were
centrifuged at 1000 rpm for 5 min and resuspended in growth medium (90% DMEM/F12 (Gibco), 10%
FBS (Gibco), and 1% penicillin-streptomycin (Solarbio)). Dissociated cells were plated in T-75 culture
�asks precoated with poly-L-lysine (10%, Solarbio, China). Medium changes were performed every 3 d. On
day 6, the medium was replaced with OL differentiation medium (described below).

 To prepare OL differentiation medium, B104 cells were �rst cultured in medium containing 90%
DMEM/F12 (Gibco), 10% FBS (Gibco), and 1% penicillin-streptomycin (Solarbio) until they covered 70–
80% of the �ask. The medium was then replaced with N2 medium (98% DMEM/F12 (Gibco), 1% penicillin-
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streptomycin (Solarbio), 1% N2 (Gibco)). Over 3–4 d, the N2 medium slowly became yellowish, indicating
that the supernatant contained cytokines. After centrifugation (1000 rpm for 30 min) and �ltering (0.22
µm, Millipore, USA), differentiation medium was prepared with the supernatant (90% DMEM/F12 (Gibco),
10% B104 supernatant, and 1% penicillin-streptomycin (Solarbio)). Differentiation medium changes were
performed every 3 d. On day 9, OLs were obtained for puri�cation.

A transwell system was used to allow communication via diffusible factors and simple conditioned
medium (CM) transfer from microglial cultures to OL cultures (Fig 7I). OLs were subjected to oxygen-
glucose deprivation (OGD) for 2 h and subsequently returned to normal medium for 24 h (some OLs were
treated with JWH133 (OGD+JWH group) or with vehicle (OGD+ vehicle group) directly). Primary microglia
were incubated with vehicle (sham group), tunicamycin (3 µg/ml)+vehicle (TM+ vehicle group),
tunicamycin (3 µg/ml) + JWH133 (4 µM) (TM+JWH group) or tunicamycin (3 µg/ml) + SR144528 (1 µM)
+JWH133 (4 µM) (TM+SR+JWH group) for 6 h and then cocultured with OLs in a transwell system for 24
h[14, 26, 27]. Subsequent experiments (�ow cytometry for apoptosis and immunocytochemical staining
for MBP, Iba1 and p-PERK) were performed 24 h later.

Measurement of volumetric tissue loss and MBP loss

Rats (n=6) were euthanized 2 weeks after TBI and perfused with PBS followed by 4% PFA. Subsequently,
samples were removed and post�xed in 4% PFA overnight, transferred to a 25% sucrose solution until the
tissue was submerged at 4°C, and transferred to a 30% sucrose solution until the tissue was submerged
under the same conditions. Once gradient dehydration was completed, the samples were cut into 25-µm-
thick sections with a cryostat and stored at -20°C. Six equally spaced coronal brain sections
encompassing the injury site were selected and stained for MBP (1:100, Millipore, USA) with the same
method described previously. Loss of tissue and MBP was analyzed by a blinded observer using NIH
ImageJ software, and the % of volumetric tissue and MBP loss was calculated as the ratio of the cortical
lesion volume to the entire contralateral cortex volume [21, 23].

Statistical analysis

GraphPad Prism software (version 8.1.0, CA, USA) was used for statistical analyses. The data are
presented as the mean ± SD. Differences between two groups were analyzed by Student’s t test (two-
tailed). The differences in means among multiple groups were analyzed using one-way ANOVA.
Differences in means across groups with repeated measurements over time were analyzed using the
repeated-measures ANOVA. When the ANOVA showed signi�cant differences, pairwise comparisons
between means were tested by post hoc Bonferroni tests. In all analyses, P ≤ 0.05 was considered to
indicate statistical signi�cance.

Results
JWH133 shifts microglia/macrophage polarization toward the M2 phenotype after TBI
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To investigate the in�uence of CB2 agonism on microglia/macrophage activation and polarization during
the acute phase following TBI, we conducted double staining for the microglia marker Iba1 and M1-
associated or M2-associated markers in the cortex and EC at 3 d after TBI. As expected, labeling of cells
with the M1 marker CD86 was increased after TBI but was signi�cantly decreased by JWH133 (Fig 1A,1B
and1E); however, labeling with the M2 marker CD206 was further increased by JWH133 (Fig 1C,1D and
1F). Consistent with the double staining results, RT-PCR of CC/EC samples demonstrated that JWH133
signi�cantly decreased the expression of M1-type genes (CD16, CD32, and CD86) (P<0.05, Fig 1G) and
increased the expression of M2-type genes (CD163, CD206 and Arg-1) (P<0.05, Fig 1H). However, these
JWH133-mediated effects were prevented by treatment with SR144528, a CB2 inhibitor.

JWH133 modulates microglia/macrophage polarization through the PERK pathway

PERK is one of three ER stress sensors on the ER membrane along with IRE1α and ATF6, and PERK is
autophosphorylated and activated when misfolded proteins accumulate[28]. Previous publications have
shown that inhibiting PERK phosphorylation decreases neuronal production of IFN and drives
microglia/macrophage polarization toward the M2 phenotype[23]. Therefore, we tested the hypothesis
that JWH133 modulates microglia/macrophage polarization through PERK signaling. We �rst
investigated the alterations in PERK and its downstream pathways using western blotting. According to
our results, JWH133 downregulated phosphorylation of PERK and its downstream signaling proteins,
including eIF2α, ATF4 and GADD34, as shown in Fig 2A, 2D, 2E, 2F, and 2G, while it upregulated Akt
phosphorylation (Fig 2A and 2H). Notably, phosphorylation of Akt can modulate microglia/macrophage
polarization[29]. We also evaluated the in�uence of JWH133 on ATF6 and p-IRE1α. We found that the
expression levels of ATF6 and p-IRE1α were not altered by treatment with JWH133 (Fig 2A, 2B and 2C).
These results indicate that this CB2 agonist does not affect ATF6 or IRE1α signaling under our
experimental conditions. Taken together, these results support the notion that PERK-mediated activation
of Akt polarizes microglia activation toward the M2 phenotype following CB2 activation.

Treatment with JWH133 decreases WMI and demyelination, and reverses tissue loss after TBI

It has been con�rmed that the number of M1 microglial cells increases following TBI in accordance with
the severity of WMI, and the M2 phenotype may play a role in neuroprotection[30]. Hence, we
hypothesized that JWH133-mediated priming of microglia toward the M2 phenotype after TBI may
mitigate WMI. To test our hypothesis, we evaluated the integrity of myelin and axons using
immunostaining against MBP and NF200 in the cortex, CC, EC and striatum at 3 d after TBI with a CB2
agonist and with or without an antagonist. In the sham group, the MBP and NF200 signals in the cortex,
CC, EC and striatum were strong (P<0.05, Fig 3A-F). However, in the TBI group, both the MBP and NF200
signals were extremely weak in these regions, indicating hypomyelination and axon loss (P<0.05, Fig 3A-
F). Interestingly, the MBP and NF200 levels in the JWH group remained near those of the sham group and
were signi�cantly different than those in the TBI group in these areas (P<0.05, Fig 3A-F), suggesting that
JWH133 promoted maturation of myelin components. To better assess myelin sheath and axon integrity,
MBP and NF200 levels in the CC region were measured by lower power image and western blot analysis
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at 3 d post injury. Consistent with the previous data, TBI induced MBP and NF200 loss, while JWH133
treatment completely abolished these effects (P<0.05, Fig 4A-F). These collective �ndings strongly
support the hypothesis that treatment with JWH133 promotes axon and myelin integrity post TBI.

Considering that loss of OLs contributes to impairment of myelin integrity, we investigated whether OLs
and OL precursor cells (OPCs) are in�uenced by JWH133 treatment post TBI. Our data for APC (marker of
OLs) and NG2 (markers of OPCs) showed that there were more stained cells in the cortex, CC, and EC
regions after JWH133 treatment post TBI than after TBI alone (P<0.05, Fig 5A-D).

To further determine whether JWH133 can improve axonal myelination after TBI, myelin thickness was
measured in the EC by TEM. The g-ratio (the ratio of the inner axonal diameter to the total outer diameter
of the myelin sheath) differed among groups, revealing signi�cant differences in myelin thickness (sham,
0.63 ± 0.67; vehicle, 0.78 ± 0.073; JWH, 0.65 ±0.056; JWH+SR, 0.78 ±0.064). A signi�cantly increased g-
ratio was observed in the TBI group (P<0.05, Fig 5E and 5F), suggesting reduced myelin thickness, while
JWH133 treatment signi�cantly reduced the g-ratio (P<0.05, Fig 5E and 5F). Our data indicate that
JWH133 may maintain or promote axonal myelination after TBI.

DTI analysis, which primarily uses water diffusion to yield measures of tissue integrity, was used to
identify microstructural damage in an experimental TBI animal model[31]. White matter bundles are
composed of collinearly organized and densely packed axons. Net diffusion along the axis of �ber
orientation indicates that the tissue is anisotropic; however, WMI may increase diffusion in all directions,
making the tissue more isotropic. By assessing diffusion, DTI provides information about the health and
architecture of brain white matter tracts. One of the measured variables, FA, represents the degree to
which diffusion is restricted to a single direction; higher FA values suggest greater integrity of white
matter tracts. On the other hand, RD is a parameter of diffusivity perpendicular to the axon �ber direction,
and higher RD values indicate greater abnormality in myelination along the axonal tracts[32]. Similar to
previous �ndings, our results showed that the TBI group (14 d after CCI) exhibited a signi�cantly lower FA
value and higher RD value in the EC in the hemisphere ipsilateral to the contusion (P<0.05, Fig 6A-C) than
the sham group. However, treatment with JWH133 signi�cantly restored FA and decreased RD after TBI
(P<0.05, Fig 6A-C).

To further investigate the biological basis of these DTI data, WMI was quanti�ed by MBP
immunostaining. Consistent with the DTI results, there were similar trends between the FA maps and MBP
images, and the results showed that JWH133 reduced brain tissue loss and white matter damage after
TBI (P<0.05, Fig 6D and 6E).

However, all of the described JWH133-mediated effects were prevented by treatment with SR144528.

JWH133 regulates microglial redistribution in the striatum in TBI rats

Because microglia cell bodies localized around the myelin sheath in the striatum, hence we selected
microglia redistribution assessment analysis in the striatum instead of cortex adjacent to area of trauma.
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To investigate the interaction between microglia and OLs after TBI, we �rstly con�rmed that there was no
difference in the total number of microglia between groups (P > 0.05, Fig 7A and 7B), interestingly the
proportion of microglia in contact with myelin �bers (distinguished by MBP staining) was higher in the
TBI group (3 d after CCI) than in the sham group (P<0.05, Fig 7A and 6C), indicating that microglia moved
toward myelin after TBI. Treatment with JWH133 decreased the proportion of microglia in contact with
myelin �bers (P<0.05, Fig 7A and 7C). However, SR144528 abolished this effect (P<0.05, Fig 7A and 7C).
Chemotaxis and phagocytosis are two major behaviors of microglia[15]. We speculated that aberrantly
activated microglia redistributed and phagocytosed myelin to aggravate WMI. The results also showed
that activation of CB2 protected OLs indirectly through microglia.

JWH133 protects oligodendrocytes indirectly through microglia via the PERK pathway in vitro

To further investigate the interaction between microglia and OLs, we tested whether JWH133 speci�cally
protects myelin-producing OLs in vitro. We showed that JWH133 provided little direct protection of
primary OLs against OGD (P>0.05, Fig 8A and 8B). This �nding suggests that the in vivo protection of
white matter by JWH133 may be indirect, perhaps mediated by other cell types in the brain; for example,
activation of CB2 is known to mitigate the proin�ammatory actions of microglia[12]. Thus, we
hypothesized that JWH133 protects OLs via modulation of microglial activation. Consistent with this
hypothesis, JWH133 provided profound protection in a transwell system of cocultured microglia and OLs
(Fig 8I). We con�rmed that the expression of MBP was lower in the group exposed to medium from
cultured primary microglia stimulated with tunicamycin than in the sham group (P<0.05, Fig 8C and 8D),
suggesting that the CM damaged the cultured OLs. However, the MBP immunostaining intensity was
higher in the JWH133-treated group than in the sham group (P<0.05, Fig 8C and 8D). Consistent with the
MBP immunostaining results, JWH133 decreased OL apoptosis (P<0.05, Fig 8G and 8H), as evaluated by
�ow cytometry. These results indicate that activated microglia may induce WMI via damage to OLs,
which also suggests that JWH133 shifts microglial polarization and attenuates WMI.

Next, we further investigated the mechanism by which JWH133 regulates the phenotypic polarization of
microglia in vitro. Consistent with the in vivo results, compared with vehicle treatment, treatment with
JWH133 abolished the tunicamycin-induced increases in p-PERK levels in microglia (P<0.05, Fig 8E and
8F); however, SR144528 abrogated this effect. These results support the notion that activation of CB2
indirectly reduces OL injury through microglia via the PERK pathway.

Treatment with JWH133 improves cerebral blood �ow after TBI

In the acute phase of TBI, cerebral blood �ow decreases signi�cantly[17]. Furthermore, white matter �bers
are some of the most vulnerable tissues in TBI, and dramatic changes in cerebral circulation could
damage the white matter and affect neurological functions[33]. Prior �ndings have con�rmed that
administration of the selective CB2 agonist GP1a enhances cerebral blood �ow and improves
neurobehavioral outcomes after TBI[18]. Hence, we evaluated cerebral perfusion via LCSI, which can be
used as a semiquantitative method. Consistent with our previous �ndings, perfusion in the lesion areas
was obviously lower in the TBI group (at 3 d following TBI) than in the sham group (P < 0.05, Figure 9A
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and 9B). In addition, cerebral blood �ow recovery was promoted in the JWH group compared with the TBI
group (P < 0.05, Figure 9A and 9B). However, the selective CB2 antagonist SR144528 reversed this
treatment effect.

Treatment with JWH133 prevents neurological impairments and alleviatesanxiety and depressive-like
disorder after TBI

To assess the recovery of motor function, MEPs were assessed at 14 days post injury, and the amplitudes
and MEP latencies were recorded[20]. Compared with the sham group, the TBI group had a lower
amplitude (P < 0.05, 10H and 10I) on the left hindlimb channel. The JWH group exhibited higher
amplitudes (P < 0.05, 9H and 9I) than the TBI group, but the SR+JWH group exhibited a lower amplitude
for the left hindlimb (P < 0.05, 9H and 9I) than the JWH group. However, no obvious differences in MEP
latency of the left hindlimb were observed among the groups (P > 0.05, 10H and 10J).

Spatial cognitive functions were evaluated using the Morris water maze test from day 9 to day 14 post
TBI (Fig 10A–D)[34], and the escape latencies, quadrant dwell times and swim speeds among the four
groups were statistically analyzed. We found that all of the animals in each group showed gradual
decreases in escape latency over time (P < 0.05, Fig 10B). The TBI group exhibited greater learning and
memory de�cits than the sham group, as manifested by signi�cantly longer escape latencies (indicating
loss of spatial learning) (P < 0.05, Fig 9A and 10B) and decreased times in the target quadrant (indicating
loss of spatial memory) (P < 0.05, Fig 10A and 10C). The JWH group had a shorter escape latency (P <
0.05, Fig 10A and 10B) and greater time in the target quadrant (P < 0.05, Fig 10A and 10C) than the TBI
alone group, which indicated recovery from the learning and memory de�cits, but the SR+JWH group
showed greater learning and memory de�cits (P < 0.05, Fig 10A-C) than the JWH group. However, animals
from all four groups exhibited similar swim speeds, indicating that the memory tests were not
confounded by differences in swimming ability (P > 0.05, Fig 10D).

TBI increases the risk of anxiety, and depressive disorders may be associated with in�ammatory
reactions in brain regions[35]. Our results support the notion that activation of CB2 reduces
neuroin�ammation by driving microglial polarization; as a result, anxiety and depressive-like behavior are
alleviated after treatment with JWH133. Considering that rodents have a natural aversion to the brightly
lit center of an open �eld, the percentage of time spent in the center versus the periphery of the �eld can
be used as an indicator of anxiety-related behavior. According to our results, the total movement time
during the test period was similar among the groups (P > 0.05, Fig 10F). However, the rats in the TBI
group spent signi�cantly less time in the center than those in the sham group (P < 0.05, Fig 10E and 10G).
These results indicate that the TBI rats exhibited more anxiety-like behavior than the sham rats.
Interestingly, rats subjected to TBI and treated with JWH133 spent a greater percentage of time in the
central zone than those subjected to TBI alone (P < 0.05, Fig 10E and 10G), suggesting that activation of
CB2 improved anxiety-like behavior following TBI. However, SR144528 pretreatment abolished these
effects (P < 0.05, Fig 10E and 10G).
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Discussion
At present, there are no effective therapeutic strategies for cognitive and motor de�cits in TBI patients[6,
36]. However, numerous works have proven that CB2 agonists can ameliorate brain injury in experimental
models of TBI and other diseases, perhaps by regulating microglia-induced neuroin�ammatory
responses[37, 38]. Taken together with prior �ndings, our results support the idea that the selective CB2
agonist JWH133 is a promising therapeutic candidate for primary and secondary injury-induced WMI
after TBI.

In humans, white matter makes up approximately 60% of the total brain volume. It is composed mainly of
bundled axons and glial cells, including myelin-producing OLs, astrocytes, and microglia. In the brain,
large axons are enveloped in the myelin sheath, which greatly promotes neural transmission along nerve
�bers. Thus far, research on TBI has traditionally focused on neuronal damage within gray matter, and
most preclinical therapies have emphasized protection of neuronal cell bodies in gray matter but have
failed to be translated into successful clinical trials[6]. However, increasing evidence has demonstrated a
clear correlation between WMI and long-term sensorimotor and cognitive de�cits after TBI[39]. Under MRI,
WMI in patients with TBI is obviously visible in the internal capsule, CC, and corticospinal tracts (CSTs)[4].
WMI can destroy sensorimotor and cognitive function and elicit neurological dysfunction. Compared with
that of focal tissue lesions, the extent of white matter disruption is a better predictor of clinical
outcomes[40]. According to our immunostaining, western blot analysis, DTI and TEM results, JWH133
alleviates WMI after TBI and promotes recovery of neurological function.

Despite the crucial connection of WMI to neurological dysfunction, the pathophysiology underlying WMI
after TBI remains relatively unknown[41]. A growing amount of evidence has revealed that persistent
in�ammation is a signi�cant factor that results in sustained white matter degeneration over many years
in experimental animal models and humans with TBI. This evidence clearly con�rms the existence of an
association between chronic microglial activation and neurodegeneration[36] after brain injury.
Consistently, in a mouse model of CCI, in�ammatory response changes have been found to be
accompanied by WMI and loss of myelin[42]. Cooperative M1- and M2-phenotype microglia work to
regulate in�ammatory responses, scavenge debris, and promote central nervous system (CNS) repair and
remodeling after TBI, hence contributing to wound healing and promoting a return to homeostasis after
injury. However, it remains controversial whether targeting microglia has a bene�cial or detrimental
in�uence on TBI. Thus, enhanced understanding of the dynamic equilibrium between the M1 and M2
phenotypes is needed to enable amelioration of WMI and promotion of post-trauma recovery in brain
trauma victims.

Despite the uncertainties, previously reported �ndings have con�rmed that OLs are especially vulnerable
to mechanical trauma[43, 44] and that neuroin�ammatory responses may aggravate WMI following
TBI[30, 36]. The current work enhances understanding of WMI pathophysiology by showing that
microglia exert protective or destructive in�uences on OLs depending on their M2 or M1 polarization.
However, in OL cultures, JWH133 treatment provided little direct protection in this study. JWH133
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hindered destructive M1 responses and promoted protective M2 polarization in microglia, therefore
protecting neighboring OLs indirectly.

The underlying mechanisms by which microglia facilitate this progressive loss of white matter and the
correlation of white matter loss with OLs remain poorly understood. Thus, we further explored the
mechanism of the interaction between microglia and OLs. Recently, ER stress has attracted much
attention for its involvement in many CNS diseases, including amyotrophic lateral sclerosis (ALS),
Parkinson’s disease and TBI[45]. The ER is a structure in which misfolded and nascent proteins are
accurately folded by various chaperones (such as GRP78) before transport by secretory vesicles. ER
stress is caused by accumulation of misfolded proteins and changes in intracellular calcium levels. ER
stress also activates an adaptive signaling pathway for cell survival known as the UPR[28]. The UPR is
essentially initiated by ER transmembrane sensors, including PERK, ATF6 and IRE1α[46]. We
demonstrated that TBI leads to increases in the phosphorylation levels of PERK and its downstream
signaling pathway and that treatment with JWH133 downregulates the phosphorylation of PERK and its
downstream signals (eIF2α, ATF4, and GADD34). To further investigate the in�uence of JWH133 on the
PERK pathway in vitro, we treated primary cultured microglia with the ER stress inducer tunicamycin.
After treatment with tunicamycin, we con�rmed that PERK was activated in the primary cultured microglia
and found that treatment with JWH133 obviously suppressed PERK activation. This result suggests that
JWH133 can mitigate brain injury by inhibiting the PERK pathway.

ATF4 is a transcription factor that is upregulated when eIF2α is phosphorylated and that elevates the
expression of related genes as a recovery mechanism upon ER stress[28]. GADD34 has been shown to
bind eukaryotic serine/threonine protein phosphatase, which directly induces eIF-2α
dephosphorylation[47, 48] and suppresses the UPR[47]. Recently, a study has shown that accumulation
of GADD34 directly promotes TBI-induced cell death in a mouse model of TBI[49]. ER stress caused by
TBI elicits a transcriptional increase in GADD34, enabling it to bind TRAF6 in competition with Akt. Akt
can be ubiquitinated by TRAF6 and facilitate its translocation to the plasma membrane, where it
phosphorylates Akt at the T308 position. In cells lacking TRAF6, the processes of ubiquitination,
membrane localization and Akt signaling are inevitably impaired[50]. Therefore, binding of GADD34 and
TRAF6 inhibits TRAF6-mediated Akt ubiquitination and subsequently prevents membrane translocation
and phosphorylation of Akt[51]. The Akt pathway is the main signaling pathway coupled to the CB2
receptor. Moreover, according to our �ndings, the CB2 agonist JWH133 upregulates Akt phosphorylation,
and recent studies have shown that p-Akt can drive microglia from destructive M1 polarization toward
bene�cial M2 polarization.

We also con�rmed that treatment with JWH133 did not alter the expression levels of ATF6 and p-IRE1α
and thus did not affect ATF6 or IRE1α signaling under our experimental conditions.

As mentioned above, the present study illuminated the following mechanism: JWH133 downregulates the
phosphorylation of PERK and its downstream signals p-eIF2α, ATF4, and GADD34 following p-Akt
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upregulation, which mediates a phenotypic shift in microglia and hence exerts a protective effect on
neighboring OLs. Importantly, we clari�ed the interactions between microglia and OLs after TBI.

Notably, mood and anxiety disorders account for a signi�cant part of the disability resulting from TBI[35].
Clinical observations have indicated that a close relationship exists between neuroin�ammatory
reactions and depression. Although there is an urgent need to investigate the mechanisms of and
treatment strategies for these disorders, our present study may provide insights into the pathophysiology
of these conditions after TBI.

Conclusions
In summary, we have demonstrated that a CB2 agonist facilitates OL survival indirectly through PERK
pathway-mediated phenotypic translation in microglia. The anti-in�ammatory effects of the CB2 agonist
and the protection of OLs also signi�cantly improve the milieu of nearby neurons and indirectly exert
neuroprotective effects. Therefore, further efforts using CB2 agonists to regulate the PERK axis are
warranted in order to prevent the de�cits of TBI and other neurological disorders characterized by white
matter destruction, such as stroke and neurodegenerative diseases.
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Figure 1

A CB2 agonist primes microglia toward the M2 phenotype (A-D) Double immuno�uorescence staining
(scale bars=40 μm) for the M1 marker CD86 (A,B) or the M2 marker CD206 (C,D) with the microglial
marker Iba1 in the ipsilesional cortex and EC at 3 d following TBI. Iba1/CD86-dual labeled M1 microglia
(E) and Iba1/CD206-dual labeled M2 microglia (F) were quanti�ed and expressed as cells/mm2. (G, H)
mRNA levels of M1-associated genes, including CD16, CD32, and CD86 (G), and M2-associated genes,
including CD163, CD206, and Arg-1 (H). The data are expressed as the means ± SDs, n=6. *P < 0.05 and
**P < 0.01 compared to the sham group, #P < 0.05 and ##P < 0.01 compared to the vehicle group, and &P
< 0.05 and &&P < 0.01 compared to the JWH group.
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Figure 2

A CB2 agonist modulates microglia/macrophage polarization through the PERK pathway. (A, D-G)
JWH133 inhibited the phosphorylation of PERK and its downstream signals p-eIF2α, ATF4 and GADD34
at 3 d following TBI. (A, H) JWH133 prevented the loss of p-Akt. The data are expressed as the means ±
SDs, n=6. *P < 0.05 and **P < 0.01 compared to the sham group, #P < 0.05 and ##P < 0.01 compared to
the vehicle group, and &P < 0.05 and &&P < 0.01 compared to the JWH group. (A-C) JWH133 did not alter
the expression levels of ATF6 and p-IRE1α. The data are expressed as the means± SDs, n=6. P > 0.05.
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Figure 3

A CB2 agonist protects the integrity of myelin and axons at 3 d following TBI. (A-F) JWH133 enhanced
the expression of MBP and NF200 in the cortex, CC, EC and striatum, as assessed by immunostaining
(scale bars=40 μm). The data are expressed as the means ± SDs, n=6. *P < 0.05 and **P < 0.01 compared
to the sham group, #P < 0.05 and ##P < 0.01 compared to the vehicle group, and &P < 0.05 and &&P <
0.01 compared to the JWH group.
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Figure 4

A CB2 agonist alleviates white matter damage at 3 d following TBI. (A-C) JWH133 enhanced the
expression of MBP and NF200 in the CC area as assessed by lower power image (scale bars=10 μm). (D-
F) JWH133 prevented the decreases in MBP and NF200 in the CC area, as indicated by western blot
analysis. The data are expressed as the means ± SDs, n=6. *P < 0.05 and **P < 0.01 compared to the
sham group, #P < 0.05 and ##P < 0.01 compared to the vehicle group, and &P < 0.05 and &&P < 0.01
compared to the JWH group.
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Figure 5

A CB2 agonist prevents loss of myelin-producing OLs and OPCs. In addition, the CB2 agonist inhibits
demyelination at 3 d following TBI. (A-D) JWH133 increased the number of cells positive for NG2 (a
marker of OPCs) and APC (a marker of OLs) in the cortex, CC, and EC (scale bars=40 μm). The data are
expressed as the means ± SDs, n=6. *P < 0.05 and **P < 0.01 compared to the sham group, #P < 0.05 and
##P < 0.01 compared to the vehicle group, and &P < 0.05 and &&P < 0.01 compared to the JWH group. (E,
F) JWH133 increased myelin thickness in the CC/EC, as visualized by TEM (scale bars=1 μm). The data
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are expressed as the means ± SDs, n = 60 axons from 6 animals each group. **P < 0.01 compared to the
sham group, #P < 0.05 compared to the vehicle group, and &P < 0.05 compared to the JWH group.

Figure 6

A CB2 agonist reduces WMI, as measured by DTI and assessment of lesion volumes. (A) JWH133
attenuated WMI, as determined by in vivo MRI, at 14 d after TBI. Panel A shows representative RD, FA and
DEC maps centered on the site of contusion. The Directionally encoded color (DEC) maps indicate the
direction of water diffusion (red, mediolateral; green, dorsoventral; blue, anteroposterior). (B)
Quanti�cation of average fractional anisotropy (FA) and radial diffusivity (RD) values in the CC/EC areas
of the ipsilateral hemispheres (A) JWH133 attenuated WMI, as determined by in vivo MRI, at 14 d after
TBI. Panel A shows representative RD, FA and DEC maps centered on the site of contusion. The
Directionally encoded color (DEC) maps indicate the direction of water diffusion (red, mediolateral; green,
dorsoventral; blue, anteroposterior). (B) Quanti�cation of average fractional anisotropy (FA) and radial
diffusivity (RD) values in the CC/EC areas of the ipsilateral hemispheres (The measurement areas were
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indicated by white arrows). The values indicate that the FA and RD values were rescued after JWH133
treatment. (D, E) JWH133 reduced brain tissue loss and white matter damage at 14 d after TBI. Scale bar
= 10 µm. The data are expressed as the means ± SDs, n=6. *P < 0.05 and **P < 0.01 compared to the
sham group, #P < 0.05 and ##P < 0.01 compared to the vehicle group, and &P < 0.05 and &&P < 0.01
compared to the JWH group.

Figure 7

A CB2 agonist regulates microglia redistribution in the striatum in the context of TBI. Treatment with
JWH133 did not in�uence the total number of microglia (A, B), but reduced the proportion of microglia in
contact with myelin �bers at 3 d after TBI (A, C, indicated by white arrows). Scale bar = 20 µm. The data
are expressed as the means ± SDs, n=6. **P < 0.01 compared to the sham group, ##P < 0.01 compared to
the vehicle group, and &P < 0.05 compared to the JWH group.
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Figure 8

A CB2 agonist indirectly reduces OL injury via microglia through the PERK pathway in vitro. (A, B)
JWH133 provided little direct protection of primary OLs against OGD (P>0.05). (C, D, G, H) JWH133
protected OLs and reduced the OL apoptosis rate indirectly through microglia in in vitro experiments
using a transwell system. (E, F) JWH133 prevented the increases in p-PERK levels induced by
tunicamycin in primary microglia. (I) In vitro experiments were performed using a transwell system.
Primary microglia were incubated with vehicle, tunicamycin (3 µg/ml), tunicamycin (3 µg/ml) + JWH133
(4 µM) or tunicamycin (3 µg/ml) + SR144528 (1 µM) +JWH133 (4 µM) for 6 h. Cultured OLs were
exposed to 2 h of OGD and returned to normal medium. Twenty-four hours later, the OLs were cocultured
with primary microglia in a transwell system for 24 h. The data are expressed as the means ± SDs, n=6.
*P < 0.05 and **P < 0.01 compared to the sham group, #P < 0.05 and ##P < 0.01 compared to the vehicle
group, and &P < 0.05 and &&P < 0.01 compared to the JWH group. Scale bars=20 μm. OLG, OLs; TM,
tunicamycin.
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Figure 9

A CB2 agonist increases cerebral blood �ow after TBI. (A, B) Treatment with JWH133 promoted cerebral
blood �ow recovery at 3 d following TBI. The data are expressed as the means ± SDs, n=6. **P < 0.01
compared to the sham group, ##P < 0.01 compared to the vehicle group, and &P < 0.05 compared to the
JWH group.
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Figure 10

A CB2 agonist promotes restoration of neurological impairments and improves anxiety and depressive-
like disorder. (A-D) JWH133 enhanced recovery of learning and memory de�cits, as assessed with a
Morris water maze at 14 d after TBI. (H-J) JWH133 enhanced recovery of motor function as indicated by
MEPs at 14 d post injury. Further quantitative analysis indicated that JWH133 mainly affected the MEP
amplitudes (I) but not MEP latencies (J, P>0.05). TBI rats treated with JWH133 showed similar movement
times (E, F); however, the treated animals spent signi�cantly greater percentages of the time in the center
(E, G). The data are expressed as the means ± SDs, n=6. *P < 0.05 and **P < 0.01 compared to the sham
group, #P < 0.05 and ##P < 0.01 compared to the vehicle group, and &P < 0.05 and &&P < 0.01 compared
to the JWH group.
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