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Abstract

2-arachidonylglycerol (2-AG) is the most abundant endocannabinoid in the central nervous system and is elevated after

brain injury. Because of its rapid hydrolysis, however, the compensatory and neuroprotective effect of 2-AG is short-lived.

Although inhibition of monoacylglycerol lipase, a principal enzyme for 2-AG degradation, causes a robust increase of

brain levels of 2-AG, it also leads to cannabinoid receptor desensitization and behavioral tolerance. Alpha/beta hydrolase

domain 6 (ABHD6) is a novel 2-AG hydrolytic enzyme that accounts for a small portion of 2-AG hydrolysis, but its

inhibition is believed to elevate the levels of 2-AG within the therapeutic window without causing side effect. Using a

mouse model of traumatic brain injury (TBI), we found that post-insult chronic treatment with a selective ABHD6

inhibitor WWL70 improved motor coordination and working memory performance. WWL70 treatment reduced lesion

volume in the cortex and neurodegeneration in the dendate gyrus. It also suppressed the expression of inducible nitric

oxide synthase and cyclooxygenase-2 and enhanced the expression of arginase-1 in the ipsilateral cortex at 3 and 7 days

post-TBI, suggesting microglia/macrophages shifted from M1 to M2 phenotypes after treatment. The blood-brain barrier

dysfunction at 3 and 7 days post-TBI was dramatically reduced. Furthermore, the beneficial effects of WWL70 involved

up-regulation and activation of cannabinoid type 1 and type 2 receptors and were attributable to the phosphorylation of the

extracellular signal regulated kinase and the serine/threonine protein kinase AKT. This study indicates that the fine-tuning

of 2-AG signaling by modulating ABHD6 activity can exert anti-inflammatory and neuroprotective effects in TBI.
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Introduction

Traumatic brain injury (TBI) is an important worldwide

public health problem and a leading cause of mortality and

disability among young adults. Currently, approximately 2% of

Americans are living with TBI-related disability with an annual

cost of treating, rehabilitating, and caring for victims valued at

$60.0 billion.1–3 TBI is characterized by the initial insult fol-

lowed by the secondary injury associated with excitotoxicity,

inflammation, oxidative stress, and neuronal death.4,5 Although

the secondary injury provides a window of opportunity for

treatment, there is still no Food and Drug Administration-

approved therapeutic agent available. Because of the complexity

of the TBI pathogenesis, an effective therapeutic agent should

have multipotent properties capable of reducing excitotoxicity,

oxidative stress, neuroinflammation, brain edema, and neuronal

death.2,4–6

Accumulating evidence suggests that endocannabinoids 2-

arachidonoylglycerol (2-AG) and anandamide (AEA) are two

candidates to possess these properties.7–9 Several studies have re-

ported that cannabinoids can alleviate blood-brain barrier dys-

function, brain edema, lesion volume, neuronal death, and improve

the behavioral performance in the rodent models of TBI. The

protective effects are attributable to their roles as anti-oxidants,

anti-inflammatory and anti-excitotoxic agents and are likely me-

diated by activation of cannabinoid receptors 1 and 2 (CB1 and

CB2) expressed in neurons and inflammatory cells.9–13 The use of

cannabinoids as therapeutic agents, however, is still limited by the

potential psychotropic effects caused by CB1 receptor activation. It

is known that endocannabinoids are produced where they are

needed; this ‘‘on demand’’ synthesis is believed to enhance the

endocannabinoid tone in a site- and an event- specific manner, and

therefore can avoid the undesirable side effects elicited by the non-

selective, global CB1 receptor activation in neurons.14,15
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2-AG is the most abundant endocannabinoid in the brain, and

its level increases immediately after brain injury.9,16 Although

this can be a compensatory mechanism, the protective effect of

endogenous 2-AG is insufficient because of its rapid hydrolysis.

Therefore, inhibition of 2-AG degradation should be able to

sustain the brain levels of 2-AG and extend its therapeutic effi-

cacy.17 Among the enzymes that catalyze 2-AG degradation, the

monoacylglycerol lipase (MAGL) is responsible for approxima-

tely 85% and alpha/beta hydrolase domain 6 (ABHD6) accounts

for only 4% of 2-AG hydrolysis in brain homogenates.18 Inter-

estingly, it has been shown recently that inhibition of ABHD6 in

neurons blocks 40–50% of 2-AG hydrolysis, suggesting it can

compete with MAGL in efficacy and increase the endogenous

levels of 2-AG.17,19 The selective inhibition of AHBD6 in vivo

has so far not been reported, however.

Recent studies have shown that pharmacological inhibition or

genetic deletion of MAGL causes 2-AG overload in the brain and

results in CB1 receptor desensitization and behavioral toler-

ance.17,20,21 These results suggest that partial inhibition of 2-AG

degradation might be more therapeutically useful. Therefore, in-

hibition of ABHD6, which is shown to lead to a moderate increase

of 2-AG, may provide a better therapeutic potential by operating

within the therapeutic window of 2-AG signaling and avoid the

undesirable side effects, such as hypomobility observed with ex-

ogenous cannabinoids or chronic use of MAGL inhibitors.22–24

In this study, we aimed to investigate the protective effects of

the selective ABHD6 inhibitor WWL70 on TBI-induced impair-

ments in behavioral performance, neuroinflammation, and neu-

rodegeneration. The involvement of CB1 and CB2 receptors and

the potential therapeutic mechanisms of WWL70 were also in-

vestigated.

Methods

Reagents

ABHD6 inhibitor WWL70, CB1 antagonist AM 281, and CB2
antagonist AM 630 were purchased from Tocris Bioscience (El-
lisville, MO). All other chemicals and reagents were purchased
from Sigma (St. Louis, MO), unless stated otherwise.

Animals

Seven-week-old, male C57BL/6 mice weighing 25–30 g ( Jack-
son Laboratory, Bar Harbor, ME) were used in this study. Animals
were maintained under a controlled environment with a tempera-
ture of 23 – 2�C, a 12 h light/dark cycle, and access to food and
water ad libitum. The study was performed in accordance to the
guidelines of the Animal Use and Care Committee of the Uni-
formed Services University of the Health Sciences. Each experi-
mental group contained 8 to 13 mice.

TBI model

Animals were subjected to TBI elicited by controlled cortical
impact (CCI). Surgical procedures were performed under general
anesthesia with isoflurane (2%) while the body temperature was
maintained at 37�C using a heating pad coupled to a rectal probe.
CCI was performed after craniotomy over the left parietal cortex
using a stereotaxically positioned 3 mm diameter stainless steel
tipped piston centered at 2 mm posterior and 2.5 mm lateral to
bregma.25 Impact was induced using a stereotaxic impactor
(Leica, Wetzlar, Germany) with piston velocity set at 5 m/sec and
a depth penetration of 1.5 mm. Sham-operated mice were an-
esthetized with isoflurane, followed by craniotomy without trau-
ma induction.

Drug administration

WWL70 (5 mg/kg or 10 mg/kg) dissolved in 1% dimethyl sulf-
oxide (DMSO) in physiologic saline or an equal volume of 1%
DMSO in saline (10 mL/kg) was injected intraperitoneally 30 min
after TBI, and then once a day for 3, 7, or 21 days depending on the
experimental design (Fig. 1). To determine the cannabinoid re-
ceptor dependency, CB1 receptor antagonist AM 281 (3 mg/kg)
and CB2 receptor antagonist AM 630 (3 mg/kg) were administered
to additional groups of animals 30 min before WWL70 injection for
7 days.26 During the 21-day treatment regimen, animals were
subjected to a battery of behavioral tests at different time points
(Fig. 1). Two hours after the last injection on day 21 post-injury,
animals were sacrificed and brain tissues were collected for histo-
logical analysis. Animals in the 3- and 7-days treatment groups
were only used for histological and Western blot analyses (Fig 1).

Assessment of functional recovery

Motor coordination was evaluated using beam-walk balance test
and rotarod test. Spatial learning and memory task was assessed by
Morris water maze test, and spontaneous alternation Y maze test
was used to measure working memory.

1. Beam-walk balance test. Beam-walk balance test was
performed to assess fine motor movements as described previous-
ly.1,27 The beam-walk apparatus consists of a wooden beam mea-
suring 6 cm in width, 120 cm in length, and suspended 30 cm above
a table. Animals were trained to walk on the beam before surgery,
and those exhibiting less than 5 foot faults out of 50 steps were
selected and randomly distributed in different treatment groups.
The beam-walk balance test was performed on days 1, 3, 7, 11, and
14 post-injury, and the number of foot faults per 50 steps was
recorded.

2. Rotarod test. Rotarod test was used to evaluate motor
coordination. Animals were trained before surgery to coordinate
their movement on an accelerating rotarod device (Ugo Basile,
Collegeville, PA). The rotarod device was set to accelerate from 4

FIG. 1. Schematic description of experimental procedures. Detailed timeline of all behavioral tests and experimental procedures
starting at 3 days before the surgery (day - 3). TC, tissue collection; HT, histology; WB, Western blot; BW, beam walk test; RR, rotarod
test; CCI, controlled cortical impact; YM, Y maze test; MWM, Morris water maze test.

566 TCHANTCHOU AND ZHANG



to 40 rpm within 2 min.28 Latency to fall from the device or to cling
and rotate for two full rotations was recorded. After surgery, ro-
tarod performance was evaluated on days 1, 3, 7, and 11 post-injury
with three trials at 15 min intervals each day. The average of the
three trials was recorded.

3. Morris water maze test. The Morris water maze test is
commonly used to measure spatial learning and memory in several
neurological disorders including TBI.29,30 The test was performed
as described previously.1,31 The testing apparatus is comprised of a
circular water tank (120 cm diameter) and an invisible acrylic glass
platform (12 cm diameter), submerged 1 cm below the water sur-
face. All animals were trained for 4 consecutive days (days 17–20
post-injury), followed by a probe trial 1 h after the last training
session. Each training session was composed of four trials sepa-
rated by a 5 min pause between trials.

During each trial, the platform was placed in one quadrant
(western quadrant) of the pool, and each animal was randomly
released in one of the remaining quadrants facing the wall of the
tank and given 60 sec to locate the platform where they were left to
spend 15 additional seconds to familiarize with the visual cue. If the
animal failed to locate the platform within 60 sec on any given trial,
he was led to the platform by the experimenter and allowed to
remain there for 15 sec. For the probe trial, the platform was re-
moved from the water and each mouse was released in the pool at a
point diagonally opposite to the previous location of the platform
(eastern quadrant), and allowed to swim for 60 sec to determine
quadrant preference. Movement within the maze was monitored
using a video camera and analyzed using the ANY-Maze software.

4. Spontaneous alternation Y maze test. Spontaneous
alternation Y maze test is a hippocampus-based task that measures
working memory,29,30,32 which was used to evaluate the effect
WWL70 treatment on TBI- induced deficits in working memory.
The Y maze device has a symmetrical wooden Y shape with arms
measuring 25 cm long, 8 cm wide, and 15 cm high. The test was
performed on day 10 post-TBI as reported previously.31,33 Each
animal was placed in the central zone of the maze and allowed to
explore the three arms. The sequence and number of entries to each
arm were tracked with a video camera and recorded over a period of
5 min. An arm visit was referred to a mouse moving all four paws
into the arm, and each alternation was defined as a consecutive
entry in three different arms.34–36 The percentage of alternation was
calculated based on the formula: total number of alternations/(total
number of arm entries - 2)* 100 as reported previously.37,38

Histology

Histological analysis was performed on frozen brain sections to
measure the lesion volume using hematoxylin and eosin (H&E)
staining, and the number of degenerative cells was determined
using Fluoro-Jade B (FJ-B) staining.

1. Evaluation of lesion volume. Lesion volume was mea-
sured on days 3, 7, and 21 post-injury. Animals were deeply an-
esthetized and transcardially perfused with physiologic saline
followed by 4% formaldehyde. Brains were collected and fixed in
the same fixative for 24 h and then transferred to 30% sucrose for
48 h. Serial coronal sections, 30 lm thick, were cut using a cryostat
(Leica, Buffalo Grove, IL) starting at 600 lm anterior to the
bregma. One of every six serial sections was stained with H&E and
scanned with an Epson scanner. Each section was measured for the
area of normal H&E staining with ImageJ software from the Na-
tional Institutes of Health. Cavitation, hemorrhage, or loss of nor-
mal H&E staining were considered as lesions. The lesion area was
calculated as the area of the contralateral side minus that of the
ipsilateral side. The lesion volume for each brain was calculated as
reported previously,39 using the formula {0.5A1 + 0.5(A1 + A2) +

.. + 0.5(An - 1 + An) + 0.5An}X; where A is the lesion area
(mm2) for each slice and X is the distance (mm) between two
sequential slices.

2. FJ-B staining. FJ-B staining was performed as described
previously.40 In brief, one of every six serial sections was immersed
in a solution containing 1% sodium hydroxide and 80% ethanol for
5 min followed by 2 min in 70% ethanol. Brain sections were
transferred to 0.06% potassium permanganate for 10 min, followed
by immersion in 0.0004% FJ-B solution containing 0.01% glacial
acetic acid and then transferred to a 1 lg/mL of 4,6-diamino-2-
phenylindole (DAPI) solution for 5 min. Sections were air-dried,
cleared in xylene for 1 min before mounting with DPX. Slides were
examined under a Nikon Eclipse TE 2000 U epifluorescence mi-
croscope at 488 nm wavelength using a 20 · magnification objec-
tive. Degenerative cells in the hippocampal dentate gyrus were
counted using the NIS-Elements and AR 3.0 software from Nikon
Instruments (Melville, N.Y).

Immunohistochemistry

To assess the expression of intracellular adhesion molecule 1
(ICAM-1), F4/80 (a marker for microglia/macrophages), inducible
nitric oxide synthase (iNOS) and arginase-1 (Arg-1), 30 lm thick
frozen brain sections were immunostained with respective anti-
bodies. In brief, sections were blocked with 5% normal donkey
serum, then incubated overnight at 4�C with a polyclonal goat anti–
ICAM-1 antibody (1:200; Santa Cruz Inc. CA), a mixture con-
taining monoclonal rat anti-mouse F4/80 antibody (1:200;
eBioscience, CA) and a polyclonal rabbit anti-iNOS antibody
(1:300; Millipore, Temecula, CA) or a mixture containing mono-
clonal rat anti-mouse F4/80 antibody (1:200; eBioscience, CA) and
a polyclonal goat anti-Arg-1 antibody (1:200; Santa Cruz, CA).
Sections were rinsed and incubated for 1 h at room temperature
with Texas Red-conjugated rabbit anti-goat antibody (1:500;
Jackson ImmunoResearch Laboratories, West Grove, PA) to detect
ICAM-1 and Arg-1, a Texas Red-conjugated goat anti-rabbit an-
tibody to detect iNOS (1:500; Jackson ImmunoResearch Labora-
tories), or a FITC-conjugated goat anti-rat antibody (1:500; Jackson
ImmunoResearch Laboratories) to detect F4/80. The sections were
then transferred into a 1 lg/mL DAPI solution for 5 min. After
DAPI staining, all sections were air-dried, mounted with Fluorogel
mount (Electron Microscopy Sciences, Hatfield, PA), and visual-
ized under a Nikon Eclipse TE 2000 U epifluorescence microscope
using a 20 · magnification objective. The 488 nm, 594 nm, and
350 nm wavelengths filters were used to visualize FITC, Texas
Red, and DAPI staining, respectively.

Western blotting analysis

Western blotting was performed to determine the expression
of CB1, CB2, cyclooxygenase (COX)-2, iNOS, extracellular-
signal-regulated kinase (ERK)1/2, phosphorylated ERK1/2
(pERK1/2), AKT, pAKT, and beta actin. The ipsilateral cortices
from the experimental animals were manually homogenized in
ice-cold lysis buffer containing 50 mM HEPES, pH 7.5, 6 mM
MgCl2, 1 mM EDTA, 75 mM sucrose, 2.5 mM benzamidine,
1 mM dithiothreitol, 1% Triton X-100, and the protease inhibitor
cocktail,41 centrifuged at 10,000 rpm for 25 min. Proteins (30–
40 lg) from each sample supernatant were separated by elec-
trophoresis on 4–12% SDS-polyacrylamide gels (Invitrogen,
Carlsbad, CA), and then transferred to a polyvinylidene di-
fluoride membrane. The membranes were blocked with 5% fat-
free milk for 1 h and incubated overnight at 4�C with rabbit
polyclonal antibodies against CB1 (1:400; Santa Cruz, CA),
CB2 (1:500; Santa Cruz, CA or 1:500; Cayman Chemical, MI),
iNOS (1:1000; Millipore, Tenecula, CA), COX-2 (1:500),
pERK1/2 (1:1000), ERK1/2 (1:1000), pAKT (1:1000), AKT
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(1:1000) (all from Cell Signaling Technology Inc., Danvers,
MA) or a mouse anti-b-actin monoclonal antibody (1:5000;
Sigma). The blots were washed in TBS-Tween and further in-
cubated for 1 h at room temperature with horseradish peroxi-
dase-conjugated secondary antibodies (1: 5000; Bio-Rad Life
Sciences, Hercules, CA). Reactive proteins were visualized by
enhanced chemiluminescence according to the manufacturer’s
protocol (Thermo Scientific, Rockford, IL).

Evans blue extravasation

Quantification of Evans blue dye in brain tissues was per-
formed as described previously,42 with minor modifications.
Three and 7 days post-TBI, animals were injected with 2% Evans
blue in saline at 5 mL/kg via the jugular veins. Four hours later,
mice were transcardially perfused with heparin saline to clear
Evans blue from blood vessels. Each cerebral hemisphere was
weighed, homogenized in a three-fold volume of 50% tri-
chloroacetic acid, and centrifuged at 10,000 rpm for 25 min. The
level of Evans blue in each sample supernatant was measured
using a spectrofluorometer microplate reader (Molecular Devices,
Sunnyvale, CA) with excitation wavelength at 585 nm and
emission wavelength at 610 nm, and then calculated based on a
standard curve. Results were expressed in micrograms of Evans
blue dye per milligram of tissue.

Statistical analysis

All data analyses were performed using GraphPad InStat 3
software (GraphPad Software, Inc., La Jolla, CA). The analysis of
variance together with the Bonferroni multiple comparison post-
test was used to compare differences among the multiple groups,
and the Student t test was used to compare between two groups.
Results were quantified and expressed as mean – standard error of
the mean. Statistical significance was defined as p £ 0.05.

Results

WWL70 alleviates TBI-induced deficits in fine motor
movement and motor coordination

To evaluate the effect of WWL70 on TBI-induced deficits in

fine motor movements, beam-walk balance test was performed,

and the number of foot faults over a total of 50 steps was de-

termined. The missteps in vehicle-TBI animals were 49 – 1,

34 – 3, and 27 – 4 on days 7, 11, and 14, respectively. Although

post-treatment with WWL70 at 5 mg/kg did not have any effect,

treatment with WWL70 at 10 mg/kg improved the performance

significantly. In these treatment groups, only 18 – 3, 13 – 2, and

8 – 2 missteps were observed at 7, 11, and 14 days, respectively

(Fig. 2A).

The rotarod test was used to assess the effect of WWL70 on

TBI-induced impairment in motor coordination. The latency of

animals to fall from the rotarod was recorded and expressed in

seconds. There was a dramatic difference in the latency to fall

when vehicle-treated TBI mice were compared with the sham-

injured animals at 1, 3, and 7 days post-injury. The time was

57.23 – 4.22 versus 107.7 – 3.71 on day 1, 74.92 – 4.8 versus

111.63 – 2.83 on day 3, and 87.32 – 4.42 versus 114 – 2.65 on day

7 ( p < 0.01; Fig. 2B). WWL70 treatment improved motor coor-

dination of TBI mice in a concentration dependent manner. The

latency to fall in animals treated with WWL70 at 5 mg/kg in-

creased from 74.92 – 4.8 to 99.57 – 5.21 on day 3 ( p < 0.01) and

from 87.32 – 4.42 to 100.14 – 3.56 on day 7 ( p < 0.05) post-injury

when compared with the vehicle-TBI groups. At 10 mg/kg,

WWL70 treatment improved motor coordination starting on day 1

post-injury. The latency to fall extended from 57.23 – 4.22 to

70.83 – 5.21 on day 1 ( p < 0.05) and further increased to

105.33 – 4.5 on day 3 and 109.41 – 3.54 on day 7, which are all

significantly higher than those of the vehicle-TBI groups. No-

tably, a time-dependent recovery was observed in motor coordi-

nation in both the vehicle- and the drug-treated groups (Fig. 2A

and B), and there is no significant difference in rotarod perfor-

mance on day 11 post-injury among sham-injured, vehicle and

WWL70 treated groups (Fig. 2B).

These results demonstrated that WWL70 treatment substantially

alleviated TBI-induced deficits in motor coordination. Because

better effects were achieved with WWL70 at 10 mg/kg, this con-

centration was used in the subsequent experiments to assess the role

of WWL70 on TBI-induced alterations in learning/memory, his-

tological, and molecular changes.

FIG. 2. WWL70 improved TBI-induced alterations in motor
coordination. Mice were treated with WWL70 (5 mg/kg or 10 mg/
kg) 30 min after injury and the behavioral tests were performed at
different time points. (A) Effect of WWL70 on fine motor
movement was assessed by a beam-walk test, and the deficits in
fine motor movements were recorded as foot faults. The number
of foot faults dramatically increased at various time points after
injury, although a partial recovery was shown at 11 and 14 days
post-TBI. Treatment with WWL70 at 10 mg/kg but not at 5 mg/kg
significantly reduced the number of foot faults at 7, 11 and 14 days
post-TBI (**p < 0.01; mean – standard error of the mean; n = 8–
13). (B) Effect of WWL70 on motor coordination was evaluated
by rotarod test, and the deficits in motor coordination were re-
flected by the latency to fall (in sec) from the rotarod. Controlled
cortical impact (CCI) decreased the latency to fall, which was
significantly increased by WWL70 treatment. #p < 0.05 and
##p < 0.01 were obtained when the WWL70 (5 mg/kg, n = 8)
treated group was compared with the vehicle-TBI group (n = 12) at
the corresponding time points. *p < 0.05 and ***p < 0.001 were
obtained when the WWL70 (10 mg/kg, n = 12) treated group was
compared with the vehicle-TBI group (n = 12) on days 1, 3, and 7
post-TBI.
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WWL70 has no effect on spatial learning and memory
but improves TBI-induced deficits in working memory
performance

Spatial learning and memory were evaluated on days 17–20

after injury. Sham-injured animals reached to the platform with

an average escape latency of 39.7 – 1.93 sec on day 18, and

31.66 – 2.16 sec on day 19 post-injury. Compared with sham-

injured animals, the escape latency for vehicle- (51.59 – 2.01 sec;

44.4 – 2.6 sec) and WWL70- (51.59 – 2.01 sec; 44.4 – 2.6 sec)

treated TBI animals was significantly greater on days 18 ( p < 0.01)

and 19 ( p < 0.05), respectively (Fig. 3A). There was no significant

difference in escape time among sham, vehicle-treated, and

WWL70-treated TBI mice on day 20 post-TBI (Fig. 3A). In the

probe trial performed to measure spatial memory 1 h after the end

of the last training session, sham-injured animals spent significantly

more time (20.59 – 1.12 sec) in the western quadrant where the

platform was previously located than the vehicle-treated mice

(15.1 – 1.31; p < 0.05; Fig. 3B). Although there was a slight in-

crease in the time spent in the western quadrant in WWL70-treated

animals, there was no significant difference between these animals

and the vehicle-treated mice ( p > 0.05; Fig. 3B).

FIG. 3. WWL70 improved traumatic brain injury (TBI)-induced
deficits in working memory performance. Mice were treated with
WWL70 (10 mg/kg) 30 min after injury, and behavioral tests to
determine the role of WWL70 on TBI-induced deficits in spatial
learning and memory and on working memory were performed at
different time points. The Morris water maze test was conducted
17–20 days after TBI. (A) During the training period of the test,
sham-injured animals spent significantly less time to locate the
platform compared with controlled cortical impact (CCI)-vehicle
treated animals on training days 2 ( p < 0.01) and 3 ( p < 0.05) post-
injury, indicating there is a spatial learning deficit in TBI animals.
There is no significant difference between the WWL70 and ve-
hicle-treated TBI mice ( p > 0.05); (B) In the probe trial performed
on day 20 after injury, vehicle-treated TBI mice spent significantly
less time in the western quadrant than the sham-injured mice. The
time spent by WWL70-treated animals was not significantly dif-
ferent from that spent by sham-injured and vehicle-treated TBI
animals (n = 8–13). (C) Spontaneous alternation Y maze test was
performed on day 10 post-injury, and deficits in hippocampus
performance were determined by the number of alternations
achieved during 5 min exploration in the maze. CCI reduced the
number of alternations, which was significantly increased by
WWL70 treatment. *p < 0.05 and **p < 0.01 were obtained when
the sham and WWL70-treated groups were compared with the
TBI-vehicle group (mean – standard error of the mean; n = 8–13).

FIG. 4. WWL70 reduced lesion volume in TBI mouse brain and
the effect was blocked by CB1 receptor antagonist. Brains were
collected at 3, 7, and 21 days post-injury, sectioned and stained
with hematoxylin and eosin (H&E) to assess the lesion volume.
(A) Representative H&E stained brain sections showing notice-
able lesions on the ipsilateral hemispheres of both vehicle- and
WWL70-treated mice. (B) Quantification of lesion volume by
National Institutes of Health ImageJ software indicated that the
lesion volume increased over time in vehicle-treated animals and
was significantly reduced by WWL70 treatment at 7 and 21 days
post-injury (*p < 0.05; mean – standard error of the mean; n = 4).
(C) The reduction of lesion volume by WWL70 on day 7 post-
injury was completely blocked by co-administration of CB1 an-
tagonist AM 281, but not the CB2 antagonist AM 630 (*p < 0.05;
mean – standard error of the mean; n = 4). CCI, controlled cortical
impact. Color image is available online at www.liebertpub.com/neu
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FIG. 5. WWL70 attenuated neuronal degeneration in the dentate gyrus of TBI mice and the effect was partially blocked by CB1 and
CB2 receptor antagonists. Brain sections were stained with FJ-B to determine the degenerating cells in the dentate gyrus. (A)
Representative micrographs showing FJ-B positive cells in the hippocampal dentate gyrus of both vehicle-and drug-treated groups at 3
and 7 days post-TBI (degenerating cells shown in green and 4,6-diamino-2-phenylindole positive cells in blue). Scale bar = 50 lm. (B)
Treatment with WWL70 significantly reduced the number of degenerating cells in dentate gyrus at 3 and 7 days post-TBI (*p < 0.05 and
**p < 0.01; mean – standard error of the mean; n = 4). (C) The reduction of WWL70 on FJ-B positive cells/dentate gyrus on day 7 post-
TBI was significantly blocked by co-administration of AM281 and AM630, the respective CB1 and CB2 receptor antagonists (**p < 0.01;
mean – standard error of the mean; n = 4). CCI, controlled cortical impact. Color image is available online at www.liebertpub
.com/neu
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Then we assessed whether WWL70 could affect the working

memory performance using Y-maze. TBI mice performed a sig-

nificantly lower percent Y maze arms alternation compared with

the sham control animals (49.3 – 5.07% versus 64.2 – 7.22%;

p < 0.05). WWL70 treatment completely restored the ability of TBI

mice to continuously alternate arms during Y maze exploration

(69.67 – 4.98 %; Fig. 3C). These results indicate that the WWL70

treatment restores TBI-induced deficits in working memory but has

no significant effect on spatial memory.

WWL70 reduces brain lesion in TBI mice and the effect
is blocked by CB1 receptor antagonist

To investigate the effect of WWL70 on TBI-induced brain injury,

H&E staining was performed to estimate the brain lesion volume at 3,

7, and 21 days post-injury.39,43 Although there was no significant

improvement on day 3 post-injury, WWL70 treatment at 10 mg/kg

significantly reduced the lesion volume from 14.23 – 0.32 mm3 to

10.88 – 0.57 mm3 on day 7, and from 17.59 – 0.95 mm3 to

13.32 – 0.95 mm3 on day 21 post-TBI (Fig. 4A, B). To determine

which cannabinoid receptor was involved in the protective effect of

WWL70 on lesion volume, TBI mice were administered CB1 or CB2

antagonist together with WWL70 for 7 consecutive days. The lesion

volume in the WWL70- (10 mg/kg) and AM281- (3 mg/kg) treated

group is 15.25 – 1.19 mm3, which is similar to that of the vehicle-TBI

group (14.23 – 0.32 mm3), suggesting the protective effect of WWL70

is blocked by CB1 receptor antagonist. On the other hand, the use of

CB2 antagonist AM 630 (3 mg/kg) did not affect the protective effect

of WWL70, indicating the reduction of lesion volume by WWL70 is

independent of CB2 receptor activation (Fig. 4C).

FIG. 6. WWL70 attenuated blood-brain barrier breakdown. (A) Immunoreactivity of ICAM-1 in the ipsilateral cerebral cortices
increased at 3 and 7 days post-TBI and decreased by WWL70 treatment. Representative microphotographs from both vehicle- and
WWL70-treated groups are shown (ICAM-1 shown in red, and 4,6-diamino-2-phenylindole shown in blue). Scale bar = 50 lm. (B)
Evans blue extravasation in the ipsilateral brain tissue was increased at 3 and 7 days post-TBI and significantly reduced by WWL70
treatment (*p < 0.05; mean – standard error of the mean; n = 4). CCI, controlled cortical impact. Color image is available online at
www.liebertpub.com/neu
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WWL70 attenuates neuronal degeneration
in the dentate gyrus of TBI mice and the effect
is partially reversed by CB1 and CB2 antagonists

FJ-B staining is a commonly used method to detect neuronal de-

generation after TBI.43,44 Three and 7 days after TBI, the number of

FJ-B positive cells in the ipsilateral dentate gyrus was significantly

reduced by WWL70 when compared with the vehicle treated-animals.

The average number of FJ-B positive cells per dentate gyrus without

and with WWL70 treatment was 972 – 175 and 558 – 70 ( p < 0.05) on

day 3, 1590 – 150 and 870 – 105 ( p < 0.01) on day 7 (Fig. 5A-B). No

FJ-B positive cells were found in the dentate gyrus of the sham control

animals, as well as in the contralateral dendate gyrus of the TBI

animals (data not shown). To investigate whether cannabinoid re-

ceptors are involved in the neuroprotective effect of WWL70, we

administered TBI mice with CB1 or CB2 antagonist together with

WWL70 for 7 consecutive days. As illustrated in Figure 5C, co-

treatment of WWL70 with CB1 antagonist or CB2 antagonist sig-

nificantly reduced the neuroprotective effect of WWL70. The average

numbers of FJ-B positive cells per dentate gyrus in WWL70 plus CB1

antagonist and WWL70 plus CB2 antagonist-treated TBI groups were

912 – 73 and 1021 – 102; both were significantly higher than the

WWL70-treated TBI group (602 – 84). These results indicate that the

effect of WWL70 on neurodegeneration is mediated, at least in part,

by activation of CB1 and CB2 receptors.

WWL70 attenuates blood-brain barrier breakdown

Blood-brain barrier (BBB) breakdown is an important hallmark of

TBI pathology usually observed in inflamed tissues.45 To investigate

the effect of WWL70 on TBI-induced BBB dysfunction, we examined

two factors that are associated with increased BBB permeability. First,

we determined the expression of ICAM-1, a marker of leukocyte

transmigration,46–49 which is shown to be up-regulated by inflamma-

tory molecules such as iNOS and tumor necrosis factor (TNF)-a.45,50

The enhanced immunoreactivity of ICAM-1 was mainly observed

in the cortex adjacent to the lesion site at 3 and 7 days post-TBI and

was suppressed by WWL70 treatment (Fig. 6A). Next, we mea-

sured the levels of Evans blue extravasation in brain tissues as an

index of BBB permeability using a fluorometric analysis. The

levels of Evans blue in the ipsilateral cerebral hemisphere were

3.51 – 0.43 lg/g and 5.46 – 1.22 lg/g on days 3 and 7 post-TBI,

which were higher than those in the sham control group

(2.04 – 0.1 lg/g). The increased Evans blue extravasation was

significantly attenuated by WWL70 treatment (Fig. 6B). In the

contralateral hemispheres, there was no significant difference in

Evans blue levels among sham control, vehicle-, and WWL70-

treated TBI groups.

WWL70 suppresses iNOS and COX-2 expression
in TBI mice brain

The pro-inflammatory mediators such as COX-2 and iNOS are

known to be up-regulated and contribute to the progression of the

secondary brain injury.51–54 To test whether the therapeutic effect of

WWL70 is associated with the inhibition of these pro-inflammatory

mediators, their expression in the ipsilateral cerebral cortex was as-

sessed by Western blot. Compared with the sham control group, the

expression of COX-2 and iNOS was dramatically increased on days 3

and 7 after injury, and the increased expression was almost completely

blocked by the WWL70 treatment (Fig. 7A-C).

WWL 70 suppresses the expression of iNOS
and increases the expression of Arg-1

iNOS is expressed in microglia and macrophages under in-

flammatory conditions.55,56 Using Western blot analysis, we found

that WWL70 suppressed iNOS induction in the ipsilateral cerebral

cortex on days 3 and 7 post-TBI. The density of microglia near the

lesion site, however, was not altered by the treatment. We hy-

pothesized that the microglia phenotype might be altered after the

treatment. To test this possibility, the expression of iNOS and Arg-1,

the pro- and anti-inflammatory molecules induced in reactive

microglia,57,58 was examined using monoclonal antibodies against

iNOS and Arg-1 and polyclonal antibody against F4/80, a marker of

reactive microglia/macrophages. Consistent with our hypothesis,

we found that more that 70% of F4/80 positive cells expressed

iNOS in vehicle-treated TBI mice cortices on days 3 and 7 post-

injury, whereas in the WWL70-treated group, the expression of

iNOS was only found in 20% of F4/80 positive microglia/macro-

phages (Figs. 8A, B). By contrast, about 25–30% of F4/80 posi-

tive cells express Arg-1 in WWL 70-treated groups on days 3 and

7 post-injury, when compared with the vehicle-treated TBI

group, in which only 2% F4/80 positive cells were shown to

FIG. 7. WWL70 suppressed inducible nitric oxide synthase
(iNOS) and cyclooxygenase (COX)-2 expression in TBI mice
brain. Brain homogenates were electrophoresed and analyzed by
Western blot for the expression of iNOS, COX-2, and beta actin.
(A) Representative immunoblots showing the expression of iNOS
and COX-2 in the ipsilateral cortices of both vehicle- and
WWL70-treated animals at 3 and 7 days post-TBI; actin was used
as a loading control. (B, C) Quantification of iNOS and COX-2
signal intensity indicating that the expression of iNOS and COX-2
was increased post-TBI and significantly reduced by WWL70
treatment (*p < 0.05 and **p < 0.01; mean – standard error of the
mean; n = 6). CCI, controlled cortical impact.
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express Arg-1 (Figs. 9A, B). These results suggest that treatment

with WWL70 shifted microglia/macrophages from M1 to M2

phenotypes. None to very few microglia/macrophages were found

in the contralateral hemispheres of the TBI and control animals

(data not shown).

Treatment with WWL70 enhances CB1 and CB2
expression in TBI mice brain

Given the fact that the protective effect of WWL70 on TBI-

induced lesion and neurodegeneration was mediated by CB1

and CB2 receptors, we sought to explore the impact of

WWL70 treatment on their levels of expression at 3 and 7

days after TBI using Western blot analysis. Although there

was no difference in the expression levels of both CB1 and

CB2 receptors between the TBI and sham control animals,

treatment with WWL70 significantly increased the expression

of both CB1 and CB2 receptors. There was a 40% increase in

the expression of CB1 at 3 and 7 days post-treatment, and the

expression of CB2 increased by 60% when compared with the

vehicle-treated TBI mice and the sham control animals (Fig.

10A–C).

FIG. 8. WWL70 decreased the number of inducible nitric oxide synthase (iNOS) expressing microglia cells. (A) Representative
microphotographs of double immunostaining of iNOS and F4/80 in ipsilateral cerebral cortices from both vehicle- and WWL70-treated
groups on days 3 and 7 post-TBI are shown. The merged image showed yellow fluorescence, meaning that iNOS staining (red) is co-
localized with F4/80 (green). Nuclei were stained with 4,6-diamino-2-phenylindole as shown with blue fluorescence. Scale bar = 50 lm.
The inserts in the merged micrographs are higher magnification photographs of the arrow-pointed boxes. (B) Quantification of the
overlap fraction of iNOS immunopositive/F4/80 positive microglia/macrophages indicating that WWL70 treatment significantly sup-
pressed iNOS expression in inflammatory cells on days 3 and 7 post-surgery (***p < 0.001; mean – standard error of the mean; n = 4).
CCI, controlled cortical impact. Color image is available online at www.liebertpub.com/neu
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WWL70 restores TBI-induced decrease in ERK
phosphorylation and increases AKT phosphorylation

To determine the downstream signaling mechanisms involved in

the neuroprotective effects of WWL70, we assessed the effect of

WWL70 on phosphorylation of two pro-survival kinases, ERK1/2

and the serine/threonine protein kinase AKT. There was a signifi-

cant decrease in the level of ERK1/2 phosphorylation in the ipsi-

lateral cerebral cortex at 3 and 7 days post-TBI when compared

with the sham controls. After WWL70 treatment, the phosphory-

lation of ERK1/2 was restored (Figs. 11A, B). Although there were

no significant changes in the levels of phophorylated AKT between

sham control and vehicle-treated TBI mice, treatment with

WWL70 substantially increased AKT phosphorylation by 17 – 9%

and 38 – 4% on days 3 and 7 post-TBI, respectively (Figs. 11A, C).

Discussion

This is the first study to document the beneficial effect of

ABHD6 inhibition in a mouse model of TBI. Our results provide

clear evidence that selective inhibition of ABHD6 by WWL70

produced a broad-spectrum therapeutic effect in mice with TBI.

WWL70 reduced lesion volume in the cortex and neurodegenera-

tion in the dentate gyrus; suppressed the expression of COX-2 and

FIG. 9. WWL70 enhanced arginase (Arg)-1 expression. (A) Representative microphotographs of double immunostaining of Arg-1 and
F4/80 in ipsilateral cerebral cortices from both vehicle- and WWL70-treated groups on days 3 and 7 post-TBI are shown. The merged
image showed yellow fluorescence, meaning that Arg-1 staining (red) is co-localized with F4/80 (green). Nuclei were stained with 4,6-
diamino-2-phenylindole (blue). Scale bar = 50 lm. The inserts in the merged micrographs are higher magnification photographs of the
arrow-pointed boxes. (B) Quantification of the overlap fraction of Arg-1 positive/F4/80 positive cortical cells indicating that WWL70
treatment significantly enhanced Arg-1 expression on days 3 and 7 post-injury ( ***p < 0.001; mean – standard error of the mean; n = 4).
CCI, controlled cortical impact. Color image is available online at www.liebertpub.com/neu

574 TCHANTCHOU AND ZHANG



iNOS and increased the expression of Arg-1; attenuated BBB

breakdown; and improved the functional recovery including motor

coordination, fine motor movement, and working memory. Further,

we demonstrated that the beneficial effects of WWL70 are medi-

ated by the activation of CB1 and CB2 receptors and the enhanced

phosphorylation of cell survival kinases ERK1/2 and AKT.

The animal model of TBI induced by CCI in this study re-

produced several behavioral deficits as shown by impairments in

motor coordination, fine motor movement, and memory perfor-

mance. These deficits were reversed by post-injury treatment

with WWL70. Notably, WWL70 at 10 mg/kg had a better effect

for the improvement of TBI-induced deficits in motor coordi-

nation and fine motor movement and restored the working

memory performance. These results are in harmony with the

previous reports that administration of exogenous 2-AG reduces

TBI-induced neurological deficits associated with the fine motor

movements from 24 h to weeks or even months after closed head

injury.9,12 A recent study indicates that administration of a single

dose of N-arachidonoyl-L-serine, a cannabinoid-like compound,

also ablates TBI-induced behavioral deficits over 14 days.10

Prolonged oral administration of a cannabinoid is also shown to

improve cognitive performance in a mouse model of Alzhei-

mer’s disease.51 All these studies demonstrate that exogenous as

well as endogenous cannabinoids can improve behavioral per-

formance after brain injury.

CCI-induced TBI produces lesions at the site of impact, and the

lesion volume is parallel to the injury severity.43,52,53 Consistent

with the findings by others,52,54 our results also indicate that the

lesion volume in the vehicle-treated TBI mice increased over time

after injury. Chronic administration of WWL70 reversed that

progress and produced a substantial reduction of the lesion volume.

It is known that the hippocampal dentate gyrus is the epicenter for

cognitive and memory function and, therefore, neuronal death in

the dentate gyrus could contribute to TBI-induced cognitive im-

pairment.59,60 In the present study, we found that WWL70

FIG. 10. WWL70 up-regulated the expression of CB1 and CB2
receptors in TBI mouse brain. Brain homogenates from experi-
mental animals were electrophoresed by SDS-PAGE and analyzed
by Western blot for the expression of CB1, CB2, and beta actin.
(A) Representative immunoblots showing the expression of CB1
and CB2 in the ipsilateral cortices of both vehicle and WWL70-
treated animals at 3 and 7 days post-TBI. Actin was used as a
loading control. (B, C) Quantification of CB1 and CB2 signal
intensity indicating both CB1 and CB2 expression was up-regu-
lated by WWL70 treatment on days 3 and 7 post-injury (*p < 0.05
and **p < 0.01; mean – standard error of the mean; n = 6). CCI,
controlled cortical impact.

FIG. 11. WWL70 restored extracellular-signal-regulated kinase
(ERK) and increased serine/threonine protein kinase AKT phos-
phorylation in TBI mouse brain. Brain homogenates were elec-
trophoresed and analyzed by Western blot for ERK and AKT
phosphorylation. (A) Representative immunoblots showing the
expression of ERK, pERK, AKT, and pAKT in the ipsilateral
cortices of both vehicle- and WWL70-treated groups at 3 and 7
days post-TBI. Actin was used as a loading control. (B) Quanti-
fication of pERK/ERK ratio showing a significant increase in ERK
phosphorylation by WWL70 when compared with the vehicle-TBI
group at 3 and 7 days post-injury. (*p < 0.05; mean – standard
error of the mean; n = 6). (C) Quantification of pAKT/AKT ratio
showing a significant increase in AKT phosphorylation by
WWL70 compared with the vehicle-TBI group at 3 and 7 days
post-injury (*p < 0.05 and **p < 0.01; mean – standard error of the
mean; n = 6). CCI, controlled cortical impact.
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significantly reduced neuronal degeneration in the dentate gyrus, as

well as the working memory deficits after brain injury.

It has been demonstrated that ABHD6 is located in both cerebral

cortex and hippocampal neurons.19,61 Therefore, inhibition of

ABHD6 by WWL70 may lead to an increase of 2-AG in these brain

areas. Unlike MAGL, the principal 2-AG inactive enzyme that is

located in the presynaptic nerve terminals, ABHD6 resides in the

post-synaptic neurons.19 Therefore, ABHD6 and MAGL may

control the different pools of 2-AG degradation. In addition,

ABHD6 appears to be a membrane protein with its active site facing

cytosol and is therefore well suited to guard the intracellular pools

of 2-AG at the site of its production.17–19,24 Further, unlike the

selective MAGL inhibitor, which causes a robust 2-AG increase,

CB1 receptor desensitization in the brain, and the behavioral tol-

erance, chronic inactivation of ABHD6 is shown to cause a mod-

erate increase of 2-AG, which can maintain the cannabinoid

receptor efficacy and avoid the undesirable side effects.21,24

TBI-induced neuronal cell death is often accompanied by mi-

croglial activation and the release of pro-inflammatory media-

tors.62,63 The pro-inflammatory mediators such as COX-2 and

iNOS are inducible and markedly up-regulated after TBI and be-

lieved to play an important role in the secondary process of inju-

ry.64–67 Our findings showed that WWL70 suppressed the

expression of COX-2 and iNOS in brain homogenates and in-

flammatory cells at 3 and 7 days post-TBI. It has been shown that 2-

AG protects neurons from insults by acting either as a COX-2

inhibitor,68 or via a signaling mechanism downstream of CB1 re-

ceptor activation.69 The inhibition of COX-2 and iNOS expression

may improve the functional outcome in rodent model of TBI as

suggested previously.66,70

Despite the fact that WWL70 treatment did not affect the density of

microglia cells near the lesion site in the TBI mice brain, the iNOS

expression in these cells was significantly reduced. In contrast, the

expression of Arg-1 was dramatically increased in microglia. These

results suggest that WWL70 treatment can switch microglia from a

pro-inflammatory phenotype (M1) to an anti-inflammatory phenotype

(M2).57,71,72 It has been reported that Arg-1 is upregulated in M2

phenotype microglia/macrophages that possess anti-inflammatory

function and are also implicated in the repair process after inju-

ry.59,71,73 Our finding is consistent with a very recent report showing

that administration of exogenous 2-AG in a mouse model of experi-

mental autoimmune encephalomyelitis shifted microglia/macro-

phages from M1 to M2 phenotypes, as demonstrated by an increased

expression of Arg-1 in the spinal cord white matter.73

BBB disruption that occurs after TBI may contribute to the

inflammatory response and is reflected by the increased expres-

sion of ICAM-1 produced by the endothelial and immune cells.66

Previous reports have shown that exogenous 2-AG administration

reduces BBB leakage and attenuates ICAM-1 expression after

TBI.11,66 Consistently, we found that the inhibition of ABHD6

attenuated ICAM-1 expression and Evans blue extravasation in

the ipsilateral mouse brain at 3 and 7 days post-injury. It has been

reported that the expression of ICAM-1 is up-regulated by in-

flammatory molecules such as TNF-a,45 and the selective inhi-

bition of iNOS results in a substantial decrease in the expression

levels of TNF-a and ICAM-1.50

It is still debatable whether the action of cannabinoids is cou-

pled to the CB1 and CB2 receptors, and the relative contribution

of these receptors is likely dependent on the model systems ap-

plied and the cell types involved.74,75 In the current study, we

found that the protective effect of WWL70 on lesion volume was

blocked by CB1 receptor antagonist whereas its effect on hippo-

campal neurodegeneration was partially mediated by CB1 and

CB2 receptors. These results are consistent with the findings by

the use of exogenous 2-AG in the mouse model of close head

injury.12 Although the therapeutic effect of 2-AG is thought to be

mediated by CB1 receptor activation, the involvement of CB2 is

not excluded.9,11,12

Indeed, the same group has recently reported that N-arachidonoyl-

L-serine, a cannabinoid-like compound structurally related to the

endocannabinoid family, exerts neuroprotective effects in closed

head injury via CB2 receptor- and transient receptor potential va-

nilloid 1- dependent mechanisms.10 In contrast to the results ob-

tained by the chronic use of MAGL inhibitor, which causes CB1

receptor desensitization and down-regulation,21 we found that

sustained inhibition of ABHD6 by WWL70 significantly increased

the expression of both CB1 and CB2 receptors in the ipsilateral

cerebral cortex at 3 and 7 days post-TBI. The up-regulation of

cannabinoid receptors has also been demonstrated in a mouse

model of intestinal inflammation,76 alcoholism, and other patho-

logical conditions,77–80 in which the 2-AG levels are dramatically

elevated.77,78 All these findings suggest that a moderate increase of

2-AG can up-regulate the expression of CB1 and CB2 receptors and

enhance the cannabinergic signaling under TBI and other patho-

logical conditions.

Phosphorylation of ERK1/2 and PI3K/AKT is thought to be the

common signaling event that occurs downstream of cannabinoid

receptor activation81 and is involved in the control of the inflam-

matory response and neuronal survival.81–83 In this study, we found

that CB1 and CB2 up-regulation by WWL70 is also associated with

the activation of AKT and the restoration of ERK phosphorylation

in TBI mice brain. Similarly, the administration of N-arachidonoyl-

L-serine to mice subjected to close head injury was also found to

reverse the reduction of phosphorylated ERK1/2 and lead to the

increase of AKT phosphorylation in both the ipsilateral and con-

tralateral cortices at the early stage of brain injury.10

Conclusion

This study suggests that chronic inactivation of ABHD6 may

allow more precise fine-tuning of cannabinoid receptor signaling

and provide therapeutic relief without causing undesirable side

effects. It is noteworthy that inhibition of ABHD6 has recently been

shown to suppress seizure activity in a mouse model of Hunting-

ton’s disease.84 Because inhibition of ABHD6 does not down-

regulate but actually enhances the expression of the cannabinoid

receptors without causing behavioral tolerance, it is reasonable to

believe that selective inhibition of ABHD6 can be used as an at-

tractive strategy for the treatment of patients with TBI and other

neurological and neurodegenerative diseases.
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