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BACKGROUND AND PURPOSE
Inhibition of diacylglycerol lipase (DGL)β prevents LPS-induced pro-inflammatory responses in mouse peritoneal macrophages.
Thus, the present study tested whether DGLβ inhibition reverses allodynic responses of mice in the LPS model of inflammatory
pain, as well as in neuropathic pain models.

EXPERIMENTAL APPROACH
Initial experiments examined the cellular expression of DGLβ and inflammatory mediators within the LPS-injected paw pad.
DAGL-β (�/�) mice or wild-type mice treated with the DGLβ inhibitor KT109 were assessed in the LPS model of inflammatory
pain. Additional studies examined the locus of action for KT109-induced antinociception, its efficacy in chronic constrictive injury
(CCI) of sciatic nerve and chemotherapy-induced neuropathic pain (CINP) models.

KEY RESULTS
Intraplantar LPS evoked mechanical allodynia that was associated with increased expression of DGLβ, which was co-localized with
increased TNF-α and prostaglandins in paws. DAGL-β (�/�) mice or KT109-treated wild-type mice displayed reductions in LPS-
induced allodynia. Repeated KT109 administration prevented the expression of LPS-induced allodynia, without evidence of tol-
erance. Intraplantar injection of KT109 into the LPS-treated paw, but not the contralateral paw, reversed the allodynic responses.
However, i.c.v. or i.t. administration of KT109 did not alter LPS-induced allodynia. Finally, KT109 also reversed allodynia in the CCI
and CINP models and lacked discernible side effects (e.g. gross motor deficits, anxiogenic behaviour or gastric ulcers).

CONCLUSIONS AND IMPLICATIONS
These findings suggest that local inhibition of DGLβ at the site of inflammation represents a novel avenue to treat pathological
pain, with no apparent untoward side effects.

Abbreviations
2-AG, 2-arachidonoylglycerol; ABHD6, α βhydrolase domain-containing protein 6; CCI, chronic constriction injury; CINP ,
chemotherapy-induced peripheral neuropathy; DGL, (also known as DAGL), diacylglycerol lipase; FAAH, fatty acid amide
hydrolase; MGL, monoacylglycerol lipase; THC, Δ9-tetrahydrocannabinol
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Introduction
Diacylglycerol lipase (DGL) α and β (Bisogno et al., 2003; Gao
et al., 2010; Tanimura et al., 2010) play important roles in
transforming diacylglycerols into 2-arachidonoylglyercol
(2-AG), the most prevalent endocannabinoid expressed in
the brain (Mechoulam et al., 1995; Sugiura et al., 1995). This
endocannabinoid participates in proper neuronal function
(Goncalves et al., 2008; Tanimura et al., 2010) and mediates
neuronal axonal growth (Williams et al., 2003), skeletal muscle
differentiation (Iannotti et al., 2014) and retrograde suppression
of synaptic transmission (Kreitzer and Regehr, 2001; Ohno-
Shosaku et al., 2001; Wilson and Nicoll, 2001; Pan et al., 2009).
These enzymes are differentially expressed on cells in the
nervous system and peripheral tissue (Hsu et al., 2012).
Specifically, DGLα is more highly expressed than DGLβ
throughout the CNS (e.g. hippocampus, frontal cortex,
amygdala, cerebellum and spinal cord). DGLα is expressed
on postsynaptic neurons within various brain regions
(Katona et al., 2006; Yoshida et al., 2006; Lafourcade et al.,
2007; Uchigashima et al., 2007) and is particularly abundant
in the vicinity of dendritic spines. Although the relative
expression of DGLβ throughout the brain is generally sparse,
it is highly expressed on microglia and, in the periphery, is
most highly expressed on peritoneal macrophages (Hsu
et al., 2012). This distribution pattern is consistent with the
idea that DGLβ contributes to inflammatory responses (Hsu
et al., 2012).

Genetic deletion of DGLα results inmarked decreases in 2-
AG and arachidonic acid in brain (Gao et al., 2010; Tanimura
et al., 2010; Shonesy et al., 2014) and spinal cord (Gao et al.,
2010). Whereas Gao et al. (2010) also reported that DAGL-β
(�/�) mice express reduced levels of 2-AG in whole brain al-
beit not to the same magnitude of DAGL-α deletion, Hsu
et al. (2012) found that DAGL-β (�/�) or wild-type mice
treated with selective DGLβ inhibitors express wild-type
levels of 2-AG in the brain. However, DGLβ inhibitors lead
to decreased levels of 2-AG in LPS-treated peritoneal macro-
phage cell cultures from C57Bl/6 mice (Hsu et al., 2012).

Not surprisingly, these two enzymes play markedly
distinct roles in various physiological functions. Most nota-
bly, DAGL-α (�/�) mice display impaired retrograde suppres-
sion of synaptic transmission in the prefrontal cortex,
cerebellum, hippocampus and striatum (Gao et al., 2010;
Tanimura et al., 2010; Yoshino et al., 2011). In contrast, these
endocannabinoid-mediated forms of retrograde synaptic sup-
pression are spared in DAGL-β (�/�) mice (Gao et al., 2010).
Moreover, adult neurogenesis is compromised in both the
hippocampus and subventricular zone in DAGL-α (�/�)
mice, but DAGL-β (�/�) mice display a phenotypic reduction
of neurogenesis in hippocampus, only. In contrast, DGLβ ap-
pears to play a role in inflammatory responses. The selective
DGLβ inhibitors, KT109, KT172 or DAGL-β deletion,
protected mouse peritoneal macrophages from LPS-induced
production of prostaglandins (e.g. PGE2 and PGD2) and pro-
inflammatory cytokines (eg TNF-α and IL-1β; Hsu et al.,
2012). These marked anti-inflammatory actions suggest that
DGLβ inhibition represents a novel strategy for reducing
pathological pain.

The primary objective of the present study was to test
whether DGLβ inhibition reduces nociceptive behaviour in
the mouse LPS model of inflammatory pain. In initial experi-
ments, we used immunohistochemistry and confocal micros-
copy to examine the impact of an intraplantar injection of LPS
on DGLβ protein expression, as well as its co-localization with
pro-inflammatory markers and immune cells. Complementary
pharmacological and genetic approaches were used to investi-
gate whether blockade of DGLβ reduces LPS-induced mechani-
cal allodynia. Because the DGLβ inhibitor KT109 also inhibits
the serine hydrolase α β hydrolase domain-containing protein
6 (ABHD6) (Hsu et al., 2012), an enzyme known to hydrolyze
2-AG (Blankman et al., 2007; Marrs et al., 2010) and is expressed
on postsynaptic neurons, we employed the selective ABHD6
inhibitor KT195, which lacks DGLβ activity (Hsu et al., 2012),
as a control. Another objective of this work was to elucidate
the locus of action for the antinociceptive effects of KT109.
Accordingly, we administered KT109 directly into the LPS-
treated paw to assess whether it produced its antinociceptive
effects locally. Additionally, we examined whether central
administration of KT109 reduces LPS-induced nociceptive
behaviour by injecting it either i.c.v. or i.t. In addition to testing
KT109 in the LPS model of inflammatory pain, we examined its
antinociceptive effects in the chronic constriction injury (CCI)
of the sciatic nervemodel of neuropathic pain and the paclitaxel
model of chemotherapy-induced neuropathic pain (CINP).
Finally, we tested for possible side effects of KT109, such as
gastric ulcerogenic effects, as well as alterations in anxiogenic
behaviour (light/dark box assay (Holmes, 2001)), locomotor
behaviour, body temperature and acute thermal antinociceptive
responses (Little et al., 1988).
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Methods

Animals
Adult male C57BL/6J mice (23–40 g, Jackson Laboratory, Bar
Harbor, ME, USA) served as subjects in these experiments.
DAGL-β knockout (�/�) mice were generated in the Cravatt
laboratory on a mixed C57BL/6 and 129/SvEv background, as
previously described (Hsu et al., 2012), and transferred to
Virginia Commonwealth University. Transgenic mice lacking
functional cannabinoid CB1 receptors (CB1) or cannabinoid
CB2 receptors (CB2) were bred at Virginia Commonwealth
University. Mice lacking either CB1 (gifted originally from the
Zimmer laboratory) or CB2 (from Jackson Laboratories)
receptors were backcrossed onto a C57BL/6J background for
more than 15 or 8 generations respectively. A total of 24 CB1

(�/�) mice, 24 CB2 (�/�) mice and 93DAGL-β (�/�) mice were
used in these studies. Mice were housed four per cage in a
temperature (20–22°C), humidity (55 ± 10%) and light-
controlled (12 h light/dark; lights on at 0600) AAALAC-
approved facility, with standard rodent chow and water
available ad libitum.

All tests were conducted during the light phase. Mice
weighed between 23 and 40 g. The sample sizes selected for
each treatment group in each experiment were based on
previous studies from our laboratory.

All animal protocols were approved by the Institutional
Animal Care and Use Committee at Virginia Commonwealth
University or West Virginia University and were in accor-
dance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (National Research
Council, 2011). After testing was completed, all mice were hu-
manely killed via CO2 asphyxia, followed by rapid cervical
dislocation. Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath &
Lilley, 2015).

Acute i.t injection used in locus of action-related experiments. Acute
i.t. injections were performed as previously described
(Wilkerson et al., 2012a,b) but modified for mice. In brief, a
27-gauge needle with the plastic hub removed was inserted at
the end of the i.t. catheter, allowing for direct injection. Mice
were anaesthetized via isofurane and shaved from the base of
the tail to mid back. The lumbosacral enlargement was
identified, and a 27-gauge needle was inserted. Subjects
received an injection containing 5 μL of drug or vehicle, which
was gently infused at the level of lumbosacral enlargement
(around L4–L5). Light tail twitching was typically observed,
indicating successful i.t. placement. Drug or vehicle was
injected over a 5 s interval. Drug treatment was randomly
assigned to animals. Upon completion of injection, the
27-gauge needle, with the i.t. catheter attached, was removed.
A 100% motor recovery rate was observed from this injection
procedure.

Acute i.c.v. injection used in locus of action-related experiments. In
order to test whether KT109 produced its antinociceptive effects
through a supraspinal site of action, drugswere administered via
acute i.c.v. injection. Mice were anaesthetized via isofurane on
the evening prior to testing, and a scalp incision was made to
expose the bregma. Unilateral injection sites were prepared
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using a 26-gauge needle with a sleeve of polyurethane tubing
to control the depth of the needle at a site �0.6 mm rostral
and 1.2 mm lateral to the bregma at a depth of 2 mm. Animals
had fully recovered within 10 min after anaesthesia was
discontinued, and were monitored for 2 h post surgery for
signs of distress and discomfort. Mice were again monitored
the next morning, prior to the injection of drug, to ensure
minimal discomfort, overall health and lack of infection
around the injection site. Drugs were administered using a
26-gauge needle on the morning of testing. The needle was
held in place for 20 s to ensure drug delivery.
Experimental procedures
Immunohistochemical procedures from LPS-treated mice. Mice
were overdosed with vaporized isofurane, then perfused
transcardially with saline followed by 4% paraformaldehyde.
Whole feet with intact paw pads were removed and
underwent overnight fixation in 4% paraformaldehyde at 4°C.
All specimens were subjected to EDTA (Sigma-Aldrich, St.
Louis, MO, USA)-induced decalcification for 20 days, and paw
sections were subsequently paraffin processed, embedded,
sliced and mounted on slides, as previously described
(Wilkerson et al., 2012a,b). Paws were sliced in a manner to
ensure that only paw pads were examined.

Slideswere prepared for immunohistochemistry as previously
described (Wilkerson et al., 2012a,b). The following primary anti-
bodies were used: rabbit anti-DAGL-β (ab103100, 1:600; Abcam,
Cambridge, MA, USA), rabbit anti-TNF-α (ab34674, 1:100;
Abcam) (Folgosa et al., 2013; Kisiswa et al., 2013) rabbit anti-
PGE2 (ab2318, 1:250; Abcam) (George Paul et al., 2010; Ghosh
et al., 2013a), rat anti-CD68 (ab53444, 1:100; Abcam) (Wu et al.,
2008) and rat anti-CD4 (NB110-97869, 1:200; Novus Biologicals,
Littleton, CO,USA) (Thomas et al., 2015). Briefly, slideswere incu-
bated with primary antibody overnight at 4°C, in a humidity
chamber, andwith a fluorophore-conjugated secondary antibody
for 2 h the following day. For DGLβ, TNF-α and PGE2, slides were
incubated with biotinylated secondary antibody for 1 h and then
treated with Vectastain ABC Elite kit (Vector Labs, Burlingame,
CA, USA) and stained using TSA Plus Fluorescein System
(PerkinElmer Life Sciences, Waltham, MA, USA) to allow for
signal amplification and the ability to use a second primary anti-
body from the same host species. Slides were coverslipped with
Vectashield containing DAPI (Vector Laboratories, Burlingame,
CA, USA). After the first antibody staining procedure, the slides
went through subsequent staining procedures, which took place
over multiple days to account for the times needed for individual
antibody incubation and staining.

As a control for nonselective DGLβ staining characterization
with the commercially available antibody, paw pads from
DAGL-β (�/�) and (+/+) mice were stained using the above
procedures (Figure 1) and imaged on a Zeiss AxioImager Z2
fluorescence microscope (Carl Zeiss, AG, Germany). Tissue was
analysed as describe below with IMAGE J, with DAGL-β (�/�)
tissue serving as the control tissue. Notably, DAGL-β (�/�) tissue
with the DAGL-β antibody showed negligible staining com-
pared to DAGL-β (�/�) tissue without antibody.

IMAGE J software analysis. Fluorescent images for standard
fluorescence analysis were obtained in the same manner as
detailed above and analysed as previously described (Wilkerson



Figure 1
Immunohistochemical analysis of DGLβ in DAGL-β (�/�) (KO) and (+/
+) (WT) paw pads treated with LPS or vehicle. (A) DGLβ immunoreactiv-
ity was absent in DAGL-β (�/�) paw pads but is increased in DAGL-β (+/
+) paw pads treated with LPS compared with vehicle-injected paws.
(B–E) Representative images of DGLβ staining (green). *P < 0.05 versus
WT – vehicle. Scale bars are equal to 50 μm, n = 4 mice per group.
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et al., 2012b). Briefly, images were taken on a Zeiss AxioImager Z2
fluorescence microscope (Carl Zeiss, AG), and only images
containing paw pad, rather than muscle or other tissues, were
utilized (Supporting Information Fig. S2). Images were then
converted to grey scale and analysed using IMAGE J software
available for free download at http://rsb.info.nih.gov/ij/. Briefly,
a total of four tissue sections from a single animal were averaged
to obtain an individual animal’s overall fluorescent intensity,
with three animals in each experimental treatment group, to
generate an average for that experimental condition. Likewise,
background values were generated from control tissues
incubated with PBS and the given secondary antibody and
averaged together. The average background was then subtracted
from the average of each experimental treatment group.

Confocal microscopy. Confocal microscopy at 63×magnification
was performed on a Zeiss AxioObserver inverted LSM710 META
confocal microscope utilizing ZEN 2012 software (Carl Zeiss,
AG). Final images were generated from collapsed z-stacks
comprising 17 images taken 0.47 μm apart on the z-axis.

LPS inflammatory pain model
Mice were given an injection of 2.5 μg LPS from Escherichia coli
(026:B6, Sigma), in 20 μL of physiological sterile saline (Hospira
Inc., Lake Forest, IL, USA) into the plantar surface of the right
hind paw. As previously reported, this is the minimally effective
dose of LPS that elicits mechanical allodynia but producing
measurable increases in paw thickness (Booker et al., 2012).
Mice were returned to their home cages after LPS injection for
22 h before all experiments were commenced, except time
course studies in which allodynia was assessed at 0.67, 1, 3, 5,
8 and 24 h.

To determine whether repeated administration of KT109
would prevent LPS-induced allodynia, mice were given i.p.
injections of vehicle or KT109 (40 mg·kg�1) once a day for 5-
days. On day 5, eachmouse received its appropriate i.p. injec-
tion of vehicle or KT109, and 2 h later, all mice were given an
intraplantar injection of LPS. On day 6 (22 h after LPS admin-
istration), each mouse received its final i.p. injection. The
vehicle-treated mice were divided into two groups. The first
group received another injection of vehicle (vehicle control
group), and the second group was given 40 mg·kg�1 KT109
(acute KT109 group). The mice that had been given repeated
injections of drug received their final injection of KT109 (re-
peated KT109 group). All mice were tested for mechanical
allodynia 2 h after the final i.p. injection.
CCI neuropathic pain model. Following baseline behavioural
assessment for von Frey thresholds and hotplate responses,
the surgical procedure for chronic constriction of the
sciatic nerve was conducted as previously described
(Bennett and Xie, 1988; Wilkerson et al., 2012a,b) but
modified for mice as previously described (Ignatowska-
Jankowska et al., 2015). Mice were anaesthetized using
isoflurane (induction 5% volume followed by 2.0% in
oxygen). The mid-to-low back region and the dorsal left
thigh were shaved and cleaned with 75% ethanol. Using
aseptic procedures, the sciatic nerve was carefully isolated
and loosely ligated using three segments of 5–0 chromic
gut sutures (Ethicon, Somerville, NJ, USA). Sham surgery
was identical to CCI surgery but without the loose nerve
ligation. The overlying muscle was sutured closed with (1)
4–0 sterile silk suture (Ethicon), and animals recovered
from anaesthesia within approximately 5 min. Animal
placement into either CCI or sham surgical groups was
randomly assigned. The order of drug administration was
randomized, and a minimum 72 h washout period was
imposed between each test day.
Paclitaxel model of chemotherapy-induced neuropathic
pain. Following baseline behavioural assessment for von
Frey thresholds, mice were given an i.p. injection of
paclitaxel (8 mg·kg�1) or vehicle, consisting of physiological
sterile saline (Hospira Inc.) every other day for a total of four
injections. This protocol has been well characterized to
produce bilateral allodynia (Smith et al., 2004). Mice were
assessed for mechanical allodynia after finishing all four
injections. A within subject design was used for drug
administration, with treatments for each mouse being 1.6, 5
and 40 mg·kg�1 KT109, and 1:1:18 vehicle, as described
above. The order of drug administration was randomized,
and a minimum 72 h washout period was imposed between
each test day.
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Behavioural assessment of nociception
Baseline responses to light mechanical touch were assessed
using the von Frey test following habituation to the testing
environment, as described elsewhere (Murphy et al., 1999).
In brief, mice were placed atop a wire mesh screen, with
spaces 0.5 mm apart, and habituated for approximately 30-
min·day�1 for 4 days. Mice were unrestrained and were

singly placed under an inverted wire mesh basket to allow
for unrestricted air flow. The von Frey test utilizes a series of
calibrated monofilaments, (2.83–4.31 log stimulus intensity;
North Coast Medical, Morgan Hills, CA, USA) applied
randomly to the left and right plantar surfaces of the hind
paw for 3 s. Lifting, licking or shaking the pawwas considered
a response. After completion of allodynia testing for CCI
experiments, thermal hyperalgesia testing was performed in
the hot plate test, as previously described (Ignatowska-
Jankowska et al., 2015). Mice were placed on a heated (52°C)
enclosed Hot Plate Analgesia Meter (Columbus Instruments,
Columbus, OH, USA), and latency to jump or lick/shake the
back paws was determined. A 30 s cut-off time was utilized
to avoid potential tissue damage. For all behavioural testing,
threshold assessment was performed in a blinded fashion.

Gastric inflammatory lesion model. Gastric hemorrhages were
induced and quantified as described previously (Liu et al.,
1998; Kinsey et al., 2011a,b). Mice were weighed and then
placed on a wire mesh barrier (Thoren Caging Systems, Inc.,
Hazleton, PN, USA), and food deprived with free access to
water. After 24 h, mice were administered KT109 (40 mg·kg�1,
i.p.), vehicle or the nonsteroidal anti-inflammatory drug,
diclofenac sodium (100 mg·kg�1, i.p.), which served as a
positive control (Kinsey et al., 2011a,b), and were returned to
the home cage for 6 h. Mice were then killed via CO2

asphyxiation followed by rapid cervical dislocation, and
stomachs were harvested, cut along the greater curvature,
rinsed with distilled water and placed on a lighted tracing
table (Artograph light pad 1920) and photographed (Canon T3
Rebel digital camera with a 10x lens). Image files were
renamed, and an experimenter blinded to treatment
conditions quantified the gastric haemorrhages, relative to a
reference in each photo, using ADOBE PHOTOSHOP (version CS5;
Adobe Systems, San Jose, CA, USA), as described previously
(Nomura et al., 2011; Kinsey et al., 2013).

Tetrad assay. Mice (counterbalanced Latin square within
subject design) were housed individually overnight. The
behavioural testing was conducted in the following order: bar
test (catalepsy), tail withdrawal test, rectal temperature and
locomotor activity. Testing was performed according to
previously described procedures (Long et al., 2009; Schlosburg
et al., 2010). Catalepsy was assessed on a bar 0.7 cm in diameter
placed 4.5 cm above the ground. The mouse was placed with
its front paws on the bar and a timer (Timer #1) was started. A
second timer (Timer #2) was turned on only when the mouse
was immobile on the bar, with the exception of respiratory
movements. If the mouse moved off the bar, it was placed back
in the original position. The assay was stopped when either
Timer #1 reached 60 s or after the fourth time the mouse
moved off the bar, and the cataleptic time was scored as the
amount of time on Timer #2. Nociception was then assessed in
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the tail immersion assay. The mouse was placed head first into
a small bag fabricated from absorbent under pads (VWR
Scientific Products, Radnor, PA, USA; 4 cm diameter, 11 cm
length) with the tail out of the bag. Each mouse was
handheld, and 1 cm of the tail was submerged into a 52°C
water bath. The latency for the mouse to withdraw its tail
within a 10 s cut-off time was scored. Rectal temperature was
assessed by inserting a thermocouple probe 2 cm into the
rectum, and temperature was determined by a thermometer
(BAT-10 Multipurpose Thermometer; Physitemp Instruments
Inc., Clifton, NJ, USA). Locomotor activity was assessed
120 min after treatment, for a 60 min period in a Plexiglas
cage (42.7 × 21.0 × 20.4 cm) and ANY-MAZE (Stoelting, Wood
Dale, IL, USA) software was used to determine the percentage
of time spent immobile, mean speed and distance travelled.

Light/dark box test. The light/dark box consisted of a small
(36 × 10 × 34 cm) enclosed dark box with a passage way
(6 × 6 cm) leading to a larger (36 × 21 × 34 cm) light box. Prior to
testing, mice were acclimatized in the testing room for 1 h. As
described previously (Hait et al., 2014), mice were placed in the
light side of the box and allowed to explore the apparatus for
5 min. Time spent, total entries and distance travelled in the light
and dark sides during the 5 min test were captured with a video
monitoring systemandmeasuredbyANY-MAZE software (Stoelting).

Data analysis. Data were analysed using Student’s t-test or
one-way or two-way ANOVA. Tukey’s test was used for post
hoc analysis following a significant one-way ANOVA. Multiple
comparisons following two-way ANOVA were conducted with
Bonferroni post hoc comparison. A P-value of <0.05 was
considered statistically significant. The computer programme
GRAPHPAD PRISM version 4.03 (GraphPad Software Inc., San
Diego, CA, USA) was used in all statistical analyses. All data are
expressed as mean ± SEM. The data and statistical analysis
comply with the recommendations on experimental design
and analysis in pharmacology (Curtis et al., 2015).

Drugs
The DGLβ inhibitor KT109 (4-([1,1′-biphenyl]-4-yl)-1H-1,2,3-
triazol-1-yl)(2-benzylpiperidin-1-yl)methanone3-1 (Hsu et al.,
2012) and the structurally related ABHD6 selective inhibitor
KT195 (Hsu et al., 2012) were synthesized by the Cravatt
laboratory. Diclofenac sodium and paclitaxel were obtained
commercially (Sigma Aldrich, St. Louis, MO, USA, and Tocris,
Minneapolis, MN, USA, respectively). Δ9-tetrahydrocannabinol
(THC) was provided by the National Institute on Drug Abuse
Drug Supply Program (Bethesda, MD, USA). All drugs were dis-
solved in a vehicle solution consisting of a mixture of ethanol,
alkamuls-620 (Sanofi-Aventis, Bridgewater, NJ, USA) and saline
(0.9% NaCl) in a 1:1:18 ratio. All drugs were administered in a
volume of 10 μL·g�1 body mass. Each drug was given via the i.
p. route of administration, with the exception of the locus of
action studies, in which drugs were given via an intraplantar
injection into a hindpaw (i.paw), i.t. or introcerebroventricular
(i.c.v.) injection. For i.paw experiments, all drugs were adminis-
tered in 20 μL, and for both i.t. and i.c.v. experiments, drugs
were administered in 5 μL. The i.p. doses of KT109 selected were
based on results reported by Hsu et al. (2012) indicating that
acute administration of 20mg·kg�1 of KT109 produces inhibition



Novel analgesic target: diacylglycerol lipase β BJP
of DGLβ, as well as decreases in arachidonic acid in macrophages
collected from mice treated with LPS. The dose range of
intraplantar KT109 selected for study and injection volume were
based, in part, on a previous study that examined intraplantar in-
jection of an endocannabinoid catabolic enzyme inhibitor
(Booker et al., 2012), aswell as included an element of being empir-
ically derived. Given that an intraplantar injection of 12 μg KT109
into the LPS-treated paw, but not the contralateral paw, reversed
the allodynia, this dose was further used in i.t. and i.c.v. studies.
Results
In an initial study, we sought to establish the selectivity of the an-
tibody to DGLβ and to examine whether a local inflammatory
Figure 2
Qualitative confocal images of cellular immunostaining of DGLβ, TNF-α an
treated with LPS. (A,B) Immunostaining of DGLβ (green) in paw pads is co-la
DAPI nuclear labelling is blue. Arrows indicate DGLβ and TNF-α co-labelling.
PGE2 (red) on CD68/ED1 positive (white) cells, with DAPI nuclear labelling
staining of DGLβ (green) in paw pads with TNF-α (red) on CD4 positive cel
DGLβ and TNF-α. In all images, the scale bar is equal to 20 μm.
insult alters DGLβ expression. Accordingly, DAGL-β (�/�) and
(+/+) mice were given an intraplantar injection of LPS or vehicle.
The subjects were killed 24 h later, the paws were harvested and
DGLβ immunoreactivity was examined in paw pads. Immuno-
histochemical orientation of paw pads is shown in Supporting
Information Fig. S1. As can be seen in Figure 1, DGLβ immunore-
activitywas not present inDAGL-β (�/�) tissue, indicating the se-
lectivity of the antibody. Strikingly, DGLβ immunoreactivity was
significantly greater in LPS-treated paw pads than vehicle-
injected paw pads from wild-type mice [interaction between
treatment and genotype: F(1,14) = 7.78; P < 0.05]. Within the
pawpads ofDAGL-β (+/+) LPS-treatedmice,DGLβwas co-labelled
with CD68/ED1 positive cells (Figure 2A and 2B) and was
extensively co-labelled with TNF-α on the cellular surface.
DGLβ was co-labelled sparsely with PGE2 on CD68 positive
cells (Figure 2C) and was also co-labelled with TNF-α in
d PGE2 in DAGL-β (+/+) paw pads. (A–D) Paw pad tissue from mice
belled (yellow) with TNF-α (red) on CD68/ED1 positive (white) cells.
(C) Immunostaining of DGLβ (green) in paw pads is co-labelled with
(blue). Arrows indicate co-labelling of DGLβ and PGE2. (D) Immuno-
ls, with DAPI nuclear labelling (blue). Arrows indicate co-labelling of
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CD4 positive T-cells within inflamed paw pads, (Figure 2D).
Although vehicle-injected mice expressed DGLβ on CD68
positive cells, TNF-α and PGE2 were only faintly expressed
(Supporting Information Fig. S2).

We next examined the nociceptive responses elicited by
intraplantar injection of LPS in DAGL-β (�/�) and (+/+) mice
treated with vehicle or KT109 (40 mg·kg�1, i.p.) administered
at 22 h. Intraplantar injections of LPS produced significant
allodynic responses in the ipsilateral paw compared with
the contralateral paw of DAGL-β (+/+) mice and C57BL/6J
mice (Figure 3). As shown in Figure 3A, a significant genotype
by drug interaction [F(2,70) = 3.531; P < 0.05] was detected.
DAGL-β (�/�) mice were resistant to LPS-induced allodynia
and KT109 reversed allodynia produced by LPS in the
DAGL-β (+/+) mice but had no further actions on mechanical
threshold in the DAGL-β (�/�) mice. KT109 significantly
reversed LPS-induced allodynia in a dose-related fashion [F
(6,56) = 22.98; P < 0.05; Figure 3B]. In contrast, KT109 did not
alter normal sensory threshold responses to light touch in the
contralateral paw at any dose administered (data not shown).
The ED50 value (95% confidence interval) of KT109 in reversing
LPS-induced allodynia was 10.4 (5.3–20.4) mg·kg�1.

The time course of the anti-allodynic effects of KT109
(40 mg·kg�1) are shown in Figure 3C. The drug significantly
reversed allodynia within 2 h of i.p. administration, and this
antinociceptive effect persisted for 28 h [interaction between
treatment and time: F(8,80) = 73.37; P < 0.05].
Figure 3
Pharmacological and genetic inhibition of DGLβ blocks LPS-induced allod
KT109 (40 mg·kg�1) reverses LPS-induced allodynia in wild-type mice but
mice. n = 13 WT/KO – vehicle groups, n = 14 WT/KO – KT109 groups. (B)
For the doses of 1.6, 2.5 and 20 mg·kg�1, n = 5 mice per group, and for the
P< 0.05 significance from LPS + vehicle. (C) KT109 reversal of LPS-induced a
Acute or repeated administration of KT109 (40 mg·kg�1) prevents the expre
n = 5mice per group, and for the repeated KT109 administration group, n = 6
The differences in experimental numbers within these studies reflect an odd
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In a separate group of mice, we examined whether repeated
administration of KT109 would prevent the expression of LPS-
induced allodynia. As shown in Figure 3D, the vehicle group
displayed a significant allodynic response to LPS, but acute or re-
peated administration of KT109 completely prevented the
allodynic effects of LPS [F(2,13) = 5.68; P < 0.05].

In order to assess whether crosstalk occurred between
KT109 and cannabinoid receptors in altering nociceptive
thresholds, the anti-allodynic effects of KT109 were assessed
in LPS-injected CB1 (�/�) and CB2 (�/�) mice. As shown in
Supporting Information Fig. S3, KT109 reversed LPS-induced
allodynia in both CB1 (�/�) [main effect of KT109: F
(1,20) = 12.26; P < 0.05] and CB2 (�/�) [main effect of
KT109: F(1,20) = 16.29; P < 0.05] mice, suggesting that the
anti-allodynic effects of KT109 were independent of cannabi-
noid receptors. Also, the knockout mice did not differ from
their respective wild type control littermates (P = 0.95 and
P = 0.23, respectively).

As numerous anatomical sites within the CNS and periph-
ery may mediate the anti-allodynic effects of systemically
administered KT109, we next sought to identify its locus of
action. Intraplantar injection of KT109 into the LPS-treated
paw reversed the allodynia in a dose-related and time-related
fashion (Figure 4A). A two-way ANOVA revealed a significant
KT109 dose by time interaction [F(20,140) = 5.99; P < 0.05].
The 3 and 6 μg doses significantly attenuated allodynia from
1–2 to 8 h. High-dose KT109 (12 μg) significantly attenuated
ynia. (A) LPS-treated DAGL-β (�/�) mice do not develop allodynia.
does not further alter the anti-allodynic phenotype in DAGL-β (�/�)
KT109 reverses LPS-induced allodynia in a dose-dependent manner.
doses of 5, 40 mg·kg�1, n = 6 mice per group. Filled symbols denote
llodynia persists for a long duration of time. n = 6 mice per group. (D)
ssion of LPS-induced allodynia. For vehicle and acute KT109 groups,
mice. Data representmean ± SEM, *P< 0.05 versusWT LPS + vehicle.
number of animals evenly distributed in the experimental design.



Figure 4
Locally administered KT109 reverses LPS-induced allodynia. (A) Intraplantar KT109 reverses LPS-induced allodynia in a dose-related manner that
persists up to 24 h (P < 0.001). A contralateral injection of 12 μg KT109 does not reverse LPS-induced allodynia at any time point. (B) KT109
(12 μg) administered i.t. does not reverse LPS-induced allodynia. (C) KT109 (12 μg) administered i.c.v. does not reverse LPS-induced allodynia.
*P < 0.05 versus LPS + vehicle. Data represent mean ± SEM, n = 6 mice per group.
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allodynia from 1 to 24 h, with a full reversal from 2 to 8 h. The
ED50 (95% confidence interval) value of KT109 following the
intraplantar route of administration was 5.8 (4.2–7.9) μg.

In order to test the possibility that intraplantar adminis-
tration of KT109 may have produced its anti-allodynic
actions by diffusing through sites outside of the LPS-treated
paw, an additional group of mice was given an intraplantar
injection of 12 μg KT109 into the contralateral (i.e. non-
LPS treated) paw. This control group did not display LPS-
induced allodynia at any time point assessed (Figure 4A).
Additional studies examined whether central injection of
12 μg KT109 would reverse LPS-induced allodynia. Neither
i.t. (P = 0.70) nor i.c.v. (P = 0.43) injection of KT109 reversed
LPS-induced allodynia at any time point tested (Figure 4B
and 4C).

Because KT109 also inhibits ABHD6, we tested whether
the structurally related compound KT195, a selective ABHD6
inhibitor, would reverse LPS-induced allodynia. Systemic ad-
ministration of KT195 (40 mg·kg�1) 22 h post LPS did not sig-
nificantly alter LPS-induced allodynia, whereas 40 mg·kg�1

KT109 fully reversed from allodynia within 2 h post drug in-
jection [F(4,20) = 15.41; P < 0.05] (Figure 5A). To control for
possible off-target ABHD6 effects of local, intrapaw KT109,
we tested whether intraplantar injection of KT195 (6 or
12 μg) into the LPS-treated paw would attenuate the
allodynia. As can be seen in Figure 5B, intrapaw KT195 did
not significantly alter LPS-induced allodynia (P = 0.94).

In the next experiments, we assessed whether KT109
produces antinociceptive effects in other models of
pathological pain, including the CCI model of neuropathic
pain and the paclitaxel model of CINP. A 2 h pretreatment
of KT109 (40 mg·kg�1) reversed CCI-induced allodynia [sig-
nificant interaction between drug and surgery: F
(1,26) = 13.69; P < 0.05; Figure 6A] and thermal hyperalgesia
as measured by the hot plate assay [significant interaction be-
tween drug and surgery: F(1,26) = 21.75; P < 0.05; Figure 6B].
In contrast, KT109 did not alter normal sensory threshold re-
sponses to light touch (Figure 6A) or to heat (Figure 6B) in
sham-operated mice. Likewise, KT109 (5 or 40 mg·kg�1) re-
versed paclitaxel-induced allodynia for up to 8 h [F
(15,270) = 13.73; P < 0.05; Figure 6C].

Given that KT109 represents a novel pharmacological
tool to inhibit DGLβ, the final set of experiments sought to
test potential side effects that might limit clinical viability.
To examine whether KT109 produces other overt pharmaco-
logical effects, we assessed its effects in the tetrad assay (Little
et al., 1988), which consists of catalepsy, hypothermia, ther-
mal hypoalgesia and decreased locomotion and is generally
used to screen CB1 receptor agonists. Naïve mice given vehi-
cle, 40 mg·kg�1 KT109 or 30 mg·kg�1 THC (positive control)
were tested in the four behavioural assays (Figure 7A–D).
KT109 (40 mg·kg�1) did not produce catalepsy, hypothermia
(P = 0.44), thermal hypoalgesia (P = 0.79) or hypomotility
(defined as time spent immobile; P = 0.86). Conversely, mice
treated with THC displayed significant effects in all assays.
Next, we assessed whether KT109 (40 mg·kg�1) would alter
behaviour in the light/dark assay. As shown in Figure 7E–G,
no effects were found on time spent in the light or dark side
British Journal of Pharmacology (2016) 173 1678–1692 1685



Figure 5
Selective inhibition of ABHD6 alone does not reverse LPS-induced
allodynia. (A) KT109 (40 mg·kg�1), but not the selective ABHD6
inhibitor KT195 (40 mg·kg�1), reduces LPS-induced allodynia. (B)
Intraplantar injection of (12 μg) does not alter LPS-induced allodynic
thresholds at any time point tested. *P < 0.05 versus LPS + vehicle.
Data represent mean ± SEM, n = 6 mice per group.
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(P = 0.29), number of entries into either side (P = 0.67) or
locomotion (P = 0.30). As KT109 inhibits arachidonic acid
formation and concomitant formation of PGs in some tissues
(Hsu et al., 2012), we examined if inhibition of DAGL-β
produces gastric hemorrhages. Naïve mice were deprived of
food for 24 h and then were given vehicle, 40 mg·kg�1

KT109 or the non-steroidal anti-inflammatory agent
diclofenac (100 mg·kg�1), which served as a positive control.
Whereas diclofenac produced gastric hemorrhages, vehicle-
treated and KT109-treated mice showed no evidence of hem-
orrhages [F(2,22) = 6.20; P < 0.05, Figure 7H].
Discussion
This study employed complementary pharmacological and
genetic approaches to test whether blockade of DGLβ pro-
duces antinociceptive effects in the LPS model of inflamma-
tory pain. The selective DGLβ inhibitor KT109 robustly
reversed LPS-induced allodynia following either systemic
administration or local injection into the afflicted paw but
had no effects when administered i.c.v. or i.t. Additionally,
immunostaining of LPS-treated paw pads revealed increased
immunoreactivity of DGLβ and expression of DGLβ on
CD68+ monocytes/macrophages that express TNF-α and
PGE2, as well as expression of DGLβ on CD4+ T cells. DGLβ
immunoreactivity expression in LPS-treated paws was sub-
stantially higher than its expression under basal conditions,
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which may have resulted from immune cells already present
in the paw tissue or a general increase in cell numbers driven
by immune cell extravasation. Additionally, CD68+ cells
from control paws expressed DGLβ, in the absence of detect-
able TNF-α or PGE2. These observations are consistent with
the in vitro findings that DGLβ inhibition reduces TNF-α and
PGs in LPS-treated peritoneal macrophages (Hsu et al., 2012).

Whereas DGLβ is present in the CNS and periphery, its
pharmacological inhibition or genetic deletion results in
significant decreases in 2-AG and arachidonic acid in liver
but has no impact on these lipids in whole brain (Hsu et al.,
2012). Pharmacological inhibition of DGLβ also reduces both
arachidonic acid and 2-AG in LPS-stimulated mouse perito-
neal macrophages (Hsu et al., 2012). Therefore, we tested
whether local administration of KT109 into the hindpaw
would reverse LPS-induced allodynia. The findings that
KT109 administration into the LPS-injected paw, but not in
the contralateral paw or into the CNS, reversed allodynic re-
sponses support a local site of action. Indeed, these findings
are consistent with those of Hsu et al. (2012), who reported
that KT109 decreased PG levels in LPS-stimulated peritoneal
macrophage. PGE2 and other PGs contribute to the produc-
tion of pro-inflammatory cytokines through signalling
events initiated by PG binding and subsequent activation of
its cognate receptor found on resident and infiltrating T-cells
and monocytes/macrophage (Woodhams et al., 2007; Yao
et al., 2009; Endo et al., 2014). These activated immune cells
produce additional pro-inflammatory cytokines and second
messenger proteins, which drive inflammation and patholog-
ical pain (Schafers et al., 2004; Costigan et al., 2009).

Another relevant finding in the present study is that
repeated administration of KT109 (40 mg·kg�1) for 6 days
continued to prevent the expression of LPS-induced
allodynia. This apparent lack of tolerance is consistent with
the observation that DAGL-β (�/�) mice displayed an anti-
allodynic phenotype in the LPS model of inflammatory
pain. These results taken together suggest that DGLβ inhibi-
tors may represent a class of antinociceptive drugs that do
not undergo tolerance after repeated administration, at least
in the case of inflammatory pain elicited by endotoxin. It
will be important in future studies to ascertain whether re-
peated KT109 administration also reverses nociceptive be-
haviour in chronic models of inflammatory or neuropathic
pain.

As KT109 also inhibits ABHD6 (Hsu et al., 2012), a serine
hydrolase that hydrolyzes 2-AG but to a much lesser extent
than monoacylglycerol lipase (MGL) (Blankman et al., 2007;
Marrs et al., 2010), we tested KT195, a structurally similar
compound that inhibits ABHD6 without actions at either
DGLβ or DGLα (Hsu et al., 2012), in the LPS model of inflam-
matory pain. Neither systemic (i.p.) nor local (i.paw) injec-
tion of KT195 at similar doses as KT109 produced reversal of
LPS-induced allodynia, suggesting that ABHD6 inhibition
does not elicit antinociceptive effects in this assay. Further,
the anti-allodynic phenotype of the DAGL-β (�/�) mice was
not altered by KT109, suggesting that KT109 does not have
additional off-target in vivo actions that would produce
enhanced anti-allodynic responses outside of its actions on
DGLβ.

Given that these studies represent the first in vivo charac-
terization of a selective DGLβ inhibitor in common mouse



Figure 6
KT109 reverses CCI-induced allodynia, thermal hyperalgesia and paclitaxel-induced allodynia. (A) KT109 (40 mg·kg�1) reverses CCI-induced
allodynia, but does not alter threshold responses in sham mice. (B) KT109 (40 mg·kg�1) reverses CCI-induced thermal hyperalgesia, as assayed
in the hot plate test but does not alter responses in sham mice. In these studies, n = 6 mice per group. Data represent mean ± SEM, * P < 0.05
versus CCI + vehicle. (C) KT109 dose-dependently reverses paclitaxel-induced allodynia up to 8 h post injection. In these studies, n = 9 mice
per group. Data represent mean ± SEM, *P < 0.05 versus paclitaxel + vehicle.
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models of pain, we assessed KT109 in a battery of in vivo as-
says to assess potential side effects. Because DAGL-α (�/�)
mice were reported to display increased anxiogenic behav-
iour in multiple assays used to infer anxiety (i.e. the open-
field, light/dark box and novelty-induced hypophagia test)
(Shonesy et al., 2014), we elected to assess the effects of
KT109 in the light/dark assay. KT109 did not alter the dura-
tion of time spent on either side, suggesting that it does not
elicit anxiogenic or anxiolytic effects. Moreover, we found that
KT109 did not produce any observable effects in the tetrad assay,
which consists of four distinct in vivo tests (assessment of
locomotor activity, catalepsy, thermal antinociception and
hypothermia). The lack of KT109 efficacy in this battery of tests
is consistent with the idea that it is devoid of CNS effects on
behaviour and thermal regulation. Likewise, KT109 reversed
allodynia in CB1 (�/�) and CB2 (�/�) mice, showing no appar-
ent cannabinoid receptor involvement. Finally, KT109 did not
elicit gastric ulcers in food-deprived mice, whereas the COX-1/
2 inhibitor diclofenac produced a significant increase in gastric
haemorrhages, as previously reported (Kinsey et al., 2011b).
Indeed, the high incidence of gastric haemorrhages is a severe
limitation of COX inhibitors used for pain relief (Laine, 2002).
The lack of gastric side effects of KT109 are consistent with the
low expression of DGLβ in stomach (Hsu et al., 2012) and the
fact that 2-AG does not appear to contribute to arachidonic acid
or PG formation in gut (Nomura et al., 2011). In contrast, MGL
inhibitors inhibit the development of gastric haemorrhages pro-
duced by COX inhibitors (Kinsey et al., 2013). Accordingly, the
absence of KT109 effects in this cadre of assays suggests that
DGLβ inhibition lacks untoward side effects on CNS and gastro-
intestinal function.

Previous work shows that both MGL and 2-AG are present
and biologically relevant on innate immune cells (Witting
et al., 2004; Muccioli et al., 2007; Wilkerson et al., 2012a).
Binding of 2-AG on CB2 receptor expressing immune cells
produces anti-inflammatory actions that also reduce
British Journal of Pharmacology (2016) 173 1678–1692 1687



Figure 7
KT109 does not produce appreciable untoward side effects. KT109 (n = 5) does not produce catalepsy (A), antinociception in the tail withdrawal
test (B), hypothermia (C) or decreases in locomotion (D). The positive control, THC (n = 5, 30 mg·kg�1) was active in each assay. *P < 0.05 versus
vehicle (n = 6). The differences in experimental numbers reflect an odd number of animals evenly distributed in the experimental design. KT109
(40 mg·kg�1, i.p.) does not alter behaviour in the light/dark box assay. (E) KT109 does not alter time spent in either the light or the dark side. (F)
KT109 does not reduce the distance travelled. (G) KT109 does not change the number of total entries into the light or dark side. n = 10 mice per
group, *P < 0.05 versus vehicle + light side. (H) KT109 (40 mg·kg�1, i.p.) does not produce gastric haemorrhages in food-restricted mice. Mice
treated with the COX-1/2 inhibitor diclofenac sodium (100 mg·kg�1, i.p.) developed gastric haemorrhages. For the vehicle treated group, n = 9
mice, and for the KT109/diclofenac groups, n = 8. Data represent mean ± SEM, *P< 0.05 versus vehicle. The differences in experimental numbers
reflect an odd number of animals evenly distributed in the experimental design.
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allodynia and hyperalgesia in laboratory rodent models of
pathological pain (Buckley et al., 2000; Romero-Sandoval
et al., 2009; Kinsey et al., 2011a; Wilkerson et al., 2012a).
Here, we present seemingly paradoxical novel evidence
showing that inhibition of the major endocannabinoid bio-
synthetic enzyme DGLβ that is highly expressed on macro-
phages reduces nociceptive responses in three mouse
models of pain without involvement of the cannabinoid
receptors. We suspect that the antinociceptive effects of
KT109 are due to its known inhibitory actions on the forma-
tion of arachidonic acid and concomitant formation of
autocoids, such as PGE2, as well as pro-inflammatory cyto-
kines (Hsu et al., 2012). Prevention of 2-AG hydrolysis by
MGL inhibition activates a similar protective pathway from
neuroinflammatory insults in brain (Nomura et al., 2011).
Thus, DGLβ inhibition reflects an approach to reduce in-
flammatory and neuropathic pain through a cannabinoid
receptor dispensable pathway.
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KT109 was also effective in the CCI neuropathic pain and
paclitaxel CINP models. While distinctly different in
aetiology, each of the three nociceptive models used in the
present study are known to involve activated immune cells
and pro-inflammatory cytokine activity via activation of the
toll-like receptor 4 (Trebino et al., 2003; Schafers et al., 2004;
Hutchinson et al., 2008; Ricciotti and FitzGerald, 2011). These
findings reveal that DGLβ inhibitors are efficacious in multi-
ple pathological models of pain. Inhibition of MGL also
produces reversal of LPS-stimulated pro-inflammatory cyto-
kine release (Kerr et al., 2013) and reverses allodynia and
thermal sensitivity in inflammatory (Guindon et al., 2011;
Ghosh et al., 2013b), CCI (Kinsey et al., 2009, 2010, 2013)
and CINP (Guindon et al., 2013) pain models. Although
the anti-inflammatory and anti-allodynic effects of MGL in-
hibitors require cannabinoid receptors, the relative contri-
bution of additional modulation of arachidonic acid
metabolites remains unclear. Additionally, given the role of



Figure 8
Proposedmechanism of action for DGLβ inhibition via KT109. KT109 in-
hibits the degradation of diacylglycerol, limiting the formation of 2-AG,
which does not appear to produce functional alterations at either canna-
binoid receptor. Decreased 2-AG, in turn, leads to lower levels of free ar-
achidonic acid, which results in decreased levels of prostaglandins, and
subsequent modulation of inflammation and pain.
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CNS glia and inflammatory events in neuropathic pain
models (Wilkerson et al., 2012a,b), the role of central DGLβ
in the observed antinociceptive effects of systemic KT109
in neuropathic models has yet to be determined. However,
upstreammodulation of 2-AG via DGLβ inhibition probably
produces its anti-allodynic effects through a cannabinoid
receptor-independent mechanism by decreasing arachi-
donic acid and its metabolites (Hsu et al., 2012), which in
turn decreases inflammation and subsequent pain process-
ing (Figure 8).

Taken together, the results of the present study provide proof
of principle that DGLβ inhibition reduces nociceptive behaviour
in relevant preclinical models of inflammatory and neuropathic
pain. Moreover, DGLβ inhibition lacked discernible side effects,
including gastric ulcer formation, which occurs with COX-1/2
inhibitors (Laine, 2002), anxiogenic effects, which is a phenotype
expressed by DAGL- α (�/�) mice, or alterations in motor
function or thermoregulation. Finally, the observations that
intraplantar LPS led to increased local DGLβ immunoreactivity,
which was co-labelled with PGE2 and TNF-α on immune cells
reveal a potential functional role of this enzyme in contributing
to immune cell activation and pro-inflammatory signalling
cascades. Thus, DGLβ inhibition may represent a unique
therapeutic strategy to relieve pain elicited by activation of pro-
inflammatory events.
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Figure S1DAGL-β staining in paw pad. (A) Image taken at 5×
magnification of DAGL-β fluorescent staining with DAGL-β
antibody in mouse paw tissue, containing paw pad, muscle
and connective tissue. Scale bar is equal to 200 μm. (B) Inlay
of image outlined in the white box at 5×, taken at 20× magni-
fication. This image shows paw pad tissue, and is representa-
tive of the location where paw pad images for DAGL-β
quantitative analysis were taken. Scale bar is equal to 50 μm.
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Figure S2 Qualitative confocal images of cellular immunostain-
ing of DAGL-β, TNF-α and PGE2 in paw pads frommice with ve-
hicle treatment. (A) Immunostaining of DAGL-β (green) in paw
pads, with TNF-α (red) on CD68/ED1 positive (white) cells. DAPI
nuclear labeling is blue. Arrows indicate DAGL-β co-labeling with
CD68. (B) Immunostaining of DAGL-β (green) in paw pads with
PGE2 (red) on CD68/ED1 positive (white) cells, with DAPI
1692 British Journal of Pharmacology (2016) 173 1678–1692
nuclear labeling (blue). Arrows indicate co-labeling of DAGL-β
with CD68. In all images the scale bar is equal to 20 μm.
Figure S3 KT109 (40 mg·kg�1, i.p.) reverses LPS-induced
allodynia independently of cannabinoid receptors. KT109 re-
verses LPS-induced allodynia in (A) CB1 (�/�) and (+/+) mice as
well as in (B)CB2 (�/�) and (+/+)mice. *P<0.05vs. LPS+vehicle.
Data reflect mean ± SEM, n = 6 mice/group.


