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BACKGROUND AND PURPOSE
Stress is known to reduce food intake. Many aspects of the stress response and feeding are regulated by the endocannabinoid
system, but the roles of anandamide (AEA) and 2-arachidonoyl glycerol (2-AG) in stress-induced anorexia are unclear.

EXPERIMENTAL APPROACH
Effects of acute restraint stress on endocannabinoids were investigated in male Sprague–Dawley rats. Systemic and central
pharmacological inhibition of fatty acid amide hydrolase (FAAH) or monoacylglycerol lipase (MAGL) was used to assess the effects
of elevated AEA and 2-AG on homeostatic feeding and on food consumption after stress. Animals were pretreated with the FAAH
inhibitor, PF-04457845, or the MAGL inhibitor, MJN110, before 2 h acute restraint stress or 2 h homecage period without food.

KEY RESULTS
Restraint stress decreased hypothalamic and circulating AEA, with no effect in the gastrointestinal tract, while 2-AG content in the
jejunum (but not duodenum) was reduced. PF-04457845 (30 μg), given i.c.v., attenuated stress-induced anorexia via CB1 re-
ceptors, but reduced homeostatic feeding in unstressed animals through an unknown mechanism. On the other hand, systemic
administration of MJN110 (10 mg·kg�1) reduced feeding, regardless of stress or feeding status and inhibited basal intestinal
transit in unstressed rats. The ability of MAGL inhibition to reduce feeding in combination with stress was independent of CB1
receptor signalling in the gut as the peripherally restricted CB1 receptor antagonist, AM6545 did not block this effect.

CONCLUSIONS AND IMPLICATIONS
Our data reveal diverse roles for 2-AG and AEA in homeostatic feeding and changes in energy intake following stress.

LINKED ARTICLES
This article is part of a themed section on 8th European Workshop on Cannabinoid Research. To view the other articles in this
section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v176.10/issuetoc
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Abbreviations
2-AG, 2-arachidonoyl glycerol; AEA, anandamide; CRH, corticotropin releasing hormone; FAAH, fatty acid amide hydro-
lase; GCs, glucocorticoids; HPA, hypothalamic–pituitary–adrenal; MAGL, monoacylglycerol lipase; OEA,
oleoylethanolamide; PEA, palmitoylethanolamide

Introduction

Exposure to stress results in wide-ranging effects on physiology
and behaviour. In particular, energy homeostasis is profoundly
affected by acute and chronic stress (Ulrich-Lai and Ryan,
2014; Razzoli and Bartolomucci, 2016). These effects are
complex and depend on a variety of factors such as stressor type,
duration and frequency (Maniam and Morris, 2012; Razzoli
et al., 2017). One of the best documented effects of stress is on
homeostatic feeding, typically resulting in reduction of food
intake – known as stress-induced anorexia (Krahn et al., 1986).

Stress activates the hypothalamic–pituitary–adrenal
(HPA) axis, which has a negative effect on appetite and feed-
ing behaviour (Harris, 2015). The principal stress mediator,
corticotropin releasing hormone (CRH) stimulates the
release of adrenocorticotropic hormone (ACTH) from
the anterior pituitary and in turn triggers the synthesis of
glucocorticoids (GCs). Activation of the HPA axis by CRH
signalling results in anorexia, whereas GC release from the
adrenal cortex serves as a negative feedback to reduce HPA
activation and can stimulate food intake (Tempel et al.,
1991; Santana et al., 1995). Early studies revealed that central
administration of exogenous CRH in rats results in the short-
term reduction of feeding (Morley and Levine, 1982). Indeed,
a single acute episode of restraint stress also produces
anorexia (Krahn et al., 1986; Shibasaki et al., 1988), and the
effects are attenuated by CRH antagonism (Krahn et al.,
1986; Shibasaki et al., 1988; Smagin et al., 1999). The magni-
tude of anorexia depends on the frequency and exposure to
stress (Krahn et al., 1990), as well as intensity of the stressor
(Martí et al., 1994) with stress mirroring the effect of adminis-
tering CRH. Taken together, activation of the HPA axis by
stress (or exogenous CRH) reduces homeostatic feeding via
activation of CRH receptors.

The endocannabinoid system also has a profound regula-
tory effect on energy balance (Silvestri and Di Marzo, 2013;
Piazza et al., 2017). Two endocannabinoids, anandamide
(AEA) and 2-arachidonoyl glycerol (2-AG), have been
shown to play important homeostatic roles via the activation
of cannabinoid CB1 receptors in distinct feeding circuits
(Lau et al., 2017) and are increased in the brain (Kirkham et al.,
2002) and gut (Dipatrizio et al., 2015) following food
deprivation, likely due to their role in increasing appetite and
motivation to feed. Indeed, manipulations that increase
endocannabinoids also stimulate food intake: systemic
(Williams and Kirkham, 1999; Hao et al., 2000) and central
(Jamshidi and Taylor, 2001;Mahleret al., 2007) AEA administra-
tion increases feeding in rodents. Similarly, central administra-
tion of 2-AG stimulates feeding of standard rat chow (Kirkham
et al., 2002) and energy-dense foods high in fat/sucrose
(DiPatrizio and Simansky, 2008). These studies demonstrate
the potent stimulatory effect of AEA and 2-AG on feeding.

The role of the endocannabinoids in stress-induced
changes in feeding remains unclear. A number of studies have
investigated how the endocannabinoid system influences the
HPA axis (see Hill and Tasker, 2012; Morena et al., 2016),
while also modulating homeostatic/hedonic feeding (see
Lau et al., 2017). Moreover, stress has a robust effect on mod-
ulating both AEA and 2-AG signalling (see Morena et al., 2016
for review), which involves the actions of both CRH and GCs
(Evanson et al., 2010; Hill et al., 2011; Wang et al., 2012; Gray
et al., 2015, 2016; Natividad et al., 2017).

The present study investigated the modulation, by the
endocannabinoids, of food intake and body weight in both
stressed and unstressed subjects. Specifically, we assessed
how increases in 2-AG and AEA affected homeostatic feeding
and stress-induced changes in energy intake via inhibition of
their catabolic enzymes, monoacylglycerol lipase
(MAGL) and fatty acid amide hydrolase (FAAH) re-
spectively. Given that endocannabinoids modulate stress
and feeding via distinct peripheral and CNS targets, we com-
pared pharmacological manipulations following systemic
and i.c.v. administration. Stress effects on tissue-specific
endocannabinoid levels were also investigated, as well as
the effects of signalling by 2-AG on intestinal transit.

Methods

Animals
All animal care and experimental procedures were approved
by the Animal Care Committee of the University of Calgary
and carried out in accordance with the recommendations of
the Canadian Council on Animal Care. Animal studies are
reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath and Lilley, 2015). Male
Sprague–Dawley rats (400–450 g; Charles River Lab, St
Constant, Quebec) were single-housed in clear plastic cages
(47 × 25 × 20 cm) and maintained on a reverse light/dark
cycle (10:00 am lights off; 22:00 lights on) with free access
to food (Prolab RMH 2500) except during behavioural testing.

Surgery for implantation of an i.c.v. cannula
The rats were allowed 1 week to acclimatise to the facility and
then an i.c.v. cannula was implanted. Surgery was conducted
as described previously (Gray et al., 2015; Sticht et al., 2015).
Briefly, animals were anaesthetized under isoflurane and
received an analgesic (meloxicam, 1 mg·kg�1) before the
implantation of a 22 gauge cannula directed at the lateral
ventricle (�0.9 mm, anteroposterior; +1.4 mm, mediolateral,
�2.8 mm, dorso-ventral from skull surface). The cannula was
affixed to the skull using dental cement, and a blocker was
inserted to prevent any occlusion.
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Behavioural procedures
Experiment 1: Validation of stress model and stressor duration on
feeding and body weight. Although many studies have assessed
the effects of stress on feeding, there are often subtle differences
in the stress and feeding manipulations that are employed,
which can affect how stress modulates ingestive behaviour.
Therefore, Experiment 1 investigated the extent to which
stressor duration affected feeding and body weight gain in rats.

Experiment 1a: 1 h restraint stress. Rats were habituated to the
handling/feeding procedures for 2 days before testing. On these
habituation days, animals were weighed in the morning and
remained in their homecage for the remainder of the day. Food
intake was recorded by removing the chow from the wire cage
lid and weighing at each interval. Feeding measurements began
at the onset of the dark cycle and chow consumption was
recorded at 1, 2, 4, 8 and 22 h following the light cycle change.
On the test day, approximately half of the rats (1 h stress; n = 6)
were removed from their homecage and placed into clear
Plexiglas restraint tubes for 1 h. The remaining animals (HC;
n = 7) remained in their homecage for the duration of the stress
period without food. After 1 h, the stress group was returned to
their homecage and all animals (stress group and control group)
received approximately 10 g of chow on top of the wire cage lid,
with additional food being replenished as necessary throughout
the testing period. For 3 days after experimental manipulations,
the animals were weighed daily in the morning to assess body
weight gain. Following behavioural testing, the animals were
killed with an overdose of pentobarbital (800 mg·kg�1).

Experiment 1b: 2 h restraint stress. Rats were habituated
and tested as in Experiment 1a; however, animals received a
2 h restraint stress (2 h stress; n = 14) or homecage (HC;
n = 13) food restriction period for 2 h.

Experiment 1c: Effect of 2 h restraint stress on tissue-specific
endocannabinoid levels. To determine the effects of the
stress manipulation on the endocannabinoid system, levels
of 2-AG, AEA, palmitoylethanolamide (PEA) and
oleoylethanolamide (OEA) were analysed in different
tissue compartments in the central and peripheral nervous
system known to play a role in feeding and stress. Rats were
balanced for body weight prior to experiments and assigned
to two groups corresponding to a 2 h restraint stress (Stress;
n = 10) or homecage period without access to food (HC;
n = 10). Immediately following this 2 h period, the rats
were killed by rapid decapitation and tissue was collected
from distinct tissue compartments and immediately
flash frozen on dry ice. The hypothalamus was selected
given its role in mediating homeostatic feeding and
response to stress. Trunk blood was collected to assay
circulating endocannabinoid levels; blood was centrifuged
at 1500× g for 20 min at 4°C, and serum was collected for
endocannabinoid analysis. Gut tissue was collected from
the jejunum (Dipatrizio et al., 2015) and duodenum
(Sykaras et al., 2012) given that these subregions are
thought to play an important regulatory role in feeding
(DiPatrizio, 2016). Because 2-AG levels have been found
to be highest in the mucosal layer (Dipatrizio et al.,
2015), endocannabinoids were quantified in this region.

After laparotomy, the stomach was isolated outside the
abdominal cavity and the small intestine was transected
at the level of the pylorus. The first 8 cm were sampled
as duodenum, 12 cm were discarded distally and another
8 cm segment was sampled as jejunum (20 cm from the
pylorus). The intestinal segments were opened flat along
the mesenteric border, and the adipose tissue was
removed. The mucosa was separated from the muscularis
externa and serosa by scraping with a glass slide. Samples
were immediately flash frozen in liquid nitrogen and kept
at �80°C until the time of processing.

Experiment 2: Effect of systemic endocannabinoid manipulations
on feeding and body weight. The endocannabinoid system is
known to exert regulatory effects on both feeding and
appetite, as well as physiological response to stress.
Therefore, to investigate how endocannabinoid manipulations
potentially modulate stress-induced changes in feeding,
the effects of systemic inhibition of FAAH or MAGL were
assessed separately on homeostatic (homecage) feeding and
food intake following stress. Doses were selected based on
previous studies in which systemic injection of MJN110
(10 mg·kg�1) was sufficient to increase cortical levels of 2-AG
(Parker et al., 2014). PF-04457845 (10 mg·kg�1) has been
shown to increase brain and plasma levels of anandamide to
a similar degree in rats (Ahn et al., 2011).

Experiment 2a: Homecage feeding. On the test day, rats were
injected systemically (i.p.) with vehicle (VEH; n = 13), PF-
04457845 (PF; 10 mg·kg�1; n = 10) or MJN110 (MJN;
10 mg·kg�1; n = 10) 2 h prior to undergoing a 2 h food
restriction period. All chow was removed during this period to
match the food restriction that animals experience during
restraint stress. Following behavioural testing, the animals
were killed with an overdose of pentobarbital (800 mg·kg�1).

Experiment 2b: Stress-induced anorexia. Subjects were treated
as described in Experiment 2a, with the exception that the rats
were subjected to a 2 h restraint stress following pretreatment
with vehicle (VEH; n = 13), PF-04457845 (PF; 10 mg·kg�1;
n = 10) or MJN110 (MJN; 10 mg·kg�1; n = 11). Following stress,
the rats were immediately returned to their homecage and
received approximately 10 g of chow on top of the wire cage lid.
Feeding measurements were carried out as described above, and
weight gain was monitored for 3 days following stress.

Experiment 3: Effect of antagonism of peripheral CB1 receptors on
MJN110-induced anorexia. This experiment assessed a
potential peripheral mechanism underlying the differential
changes in feeding and weight gain following stress and
MAGL inhibition in Experiment 2. The extent to which
peripheral CB1 receptor signalling mediates the anorectic
effects of MAGL inhibition were investigated using the
peripherally restricted CB1 receptor antagonist AM6545.

Experiment 3a: Homecage feeding. The animals were treated as
described previously. However, in addition to receiving a systemic
injection of vehicle (VEH; n = 15) or MJN110 (MJN; n = 11) 2 h
prior to food restriction, all rats were additionally pretreated
with AM6545 (5 mg·kg�1, i.p.) 30 min before the food was
removed from their homecage. This dose of AM6545 was
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selected on the basis of previous studies indicating that 5mg·kg�1

does not inhibit food intake (Cluny et al., 2010b). Following
behavioural testing, the animals were killed with an overdose of
pentobarbital (800 mg·kg�1).

Experiment 3b: Stress-induced anorexia. Animals undergoing
stress received an injection of vehicle (VEH; n = 17) or MJN110
(MJN; n = 10) 2 h prior to the stress manipulation.
Administration of AM6545 (5 mg·kg�1, i.p.) occurred 30 min
before the restraint period. Rats were returned to their
homecage after stress, and intake was monitored as before. Body
weight gain was monitored for 3 days following stress.

Experiment 4: Effect of systemic MAGL inhibition on small
intestinal transit. To explore the basis by which MAGL
inhibition differentially affects stress-induced anorexia and
body weight gain, Experiment 4 evaluated basal intestinal
transit following MAGL inhibition as well as after a 2 h
period of stress.

Experiment 4a: Unstressed transit. Rats received an injection of
vehicle (VEH; n = 4) or 10mg·kg�1MJN110 (MJN; n = 5) 2 h prior
to undergoing a 2 h food restriction period, as before.
Immediately following the food restriction period, rats were
administered a nonabsorbable marker containing 0.2 mL of 5%
Evans blue (Sigma-Aldrich, St. Louis, MO, USA) and 5% gum
Arabic (Sigma-Aldrich) in 0.9% saline, which was given via oral
gavage. Rats were then placed back into their homecage with a
pre-weighed amount of food. After 45 min, rats were killed via
rapid decapitation and small intestinal transit was determined
following laparotomy. The small intestine was removed from
the gastric pylorus to the caecum. Small intestinal transit was
measured from the gastroduodenal junction to the most distal
point where Evans blue dye was evident and expressed as a
percentage of the total distance from the oral end of the small
intestine to the ileocaecal junction.

Experiment 4b: Stressed transit. Two hours prior to undergoing
restraint stress (2 h), rats were injected with vehicle (VEH; n = 12)
or 10 mg·kg�1 MJN110 (MJN; n = 9). Immediately following
termination of stress rats were administered the dye mixture via
oral gavage and placed back into their homecage with access to
chow. Animals were killed after 45 min, and small intestinal
transit was measured as described above.

Experiment 5: Effect of i.c.v. FAAH/MAGL inhibition on feeding. The
stress manipulation in the current study was found to negatively
impact AEA and 2-AG levels in distinct central and peripheral
tissue compartments. Therefore, the aim of Experiment 5 was to
differentiate between peripheral versus central manipulations
targeting the endocannabinoid system, by limiting drug
delivery to the brain via i.c.v. administration. Rats were allowed
to recover for 1 week following surgery and were then
habituated to the handling and feeding procedures, as before.
For 2 days prior to testing, animals were weighed in the
morning and remained in their homecage for the remainder of
the day when food intake was recorded. To our knowledge, PF-
04457845 has not previously been administered centrally,
although an analogous FAAH inhibitor, PF-3845, has been
shown to inhibit gut transit in mice, following a 30 μg i.c.v.
infusion (Fichna et al., 2014). Therefore, a 10-fold lower dose

was selected for Experiment 5, whereas the higher dose of 30 μg
was used for Experiment 6. To date, there are no reports
assessing i.c.v. administration of MJN110, although several
studies have demonstrated CB1 receptor-dependent effects of
localized injection (2 μg) into distinct brain regions (Limebeer
et al., 2016; Sticht et al., 2016; Wills et al., 2016). As the current
study assessed i.c.v. administration, we selected a 2.5× higher
dose given the larger area for drug diffusion.

Experiment 5a: Homecage feeding. On the test day, rats were
removed from their homecage and received an i.c.v. infusion of
vehicle (VEH; n = 14), PF-04457845 (PF; 3 μg; n = 9) or MJN110
(MJN; 5 μg; n = 7) at a rate of 0.25 μL·min�1 for 2 min. The
infuser remained in place for an additional minute to allow the
drug to diffuse into the ventricle. Animals were immediately
placed back into their homecage for 1 h prior to undergoing the
2 h food restriction period. Following food restriction, all rats
received approximately 10 g of chow on top of the wire cage lid,
with additional food being replenished as necessary throughout
the testing period. Body weight gain was monitored for 3 days.
Following behavioural testing, the rats were killed via
pentobarbital injection while also receiving an i.c.v. infusion of
Evans blue dye to verify cannula placement. The brains were
extracted and sectioned to reveal the extent of dye in the
ventricle. If the infusion was outside the ventricle, the
corresponding data were removed from the experiment. As
such, the subject number for each treatment condition is
representative of subjects for which there was confirmed
targeting of the lateral ventricle with the implanted cannula.

Experiment 5b: Stressed-induced anorexia. Animals received
an i.c.v. infusion as described above with vehicle (VEH; n = 16),
PF-04457845 (PF; 3 μg; n = 9) or MJN110 (MJN; 5 μg; n = 8)
and were placed into their homecage for 1 h prior restraint
stress (2 h). Following termination of stress, the rats were
immediately returned to their homecage for behavioural
testing. All remaining procedures were identical to that of the
homecage feeding animals in Experiment 5a.

Experiment 5c: Effect of dual i.c.v. FAAH and MAGL
inhibition on homecage feeding. This experiment
investigated whether dual inhibition of FAAH and MAGL
would result in greater modulation of feeding as compared
to selective enzyme inhibition. Vehicle-pretreated rats from
Experiment 6a were used as a comparison in the
pretreatment analysis in this experiment. Rats were
pretreated with a cocktail containing PF-04457845 and
MJN110 (3 μg PF; 5 μg MJN; n = 8) or vehicle (VEH; n = 14)
1 h prior to the 2 h food restriction period, as before.

Experiment 5d: Effect of dual i.c.v. FAAH and MAGL
inhibition on stress-induced anorexia. Rats were treated
with PF-04457845 and MJN110 (3 μg PF; 5 μg MJN; n = 8) or
vehicle (VEH; n = 16) 1 h prior to restraint stress (2 h). All
remaining procedures were identical to that of the previous
experiment and vehicle-pretreated rats from Experiment 6b
were used as a comparison in the pretreatment analysis in
this experiment.

Experiment 6: Effect of high dose PF-04457845 on feeding. As
we found that stress decreased AEA content within the
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hypothalamus, we reasoned that a higher dose of a FAAH
inhibitor may be required to elevate AEA signalling back to
normal levels. Accordingly, Experiment 7 assessed whether
a higher dose of PF-04457845 would modulate feeding
under homecage and stress conditions, compared with the
effects of the lower dose used in earlier experiments. The
analogous FAAH inhibitor, PF3845, has been shown in mice
to inhibit gut transit following a 30 μg i.c.v. infusion
(Fichna et al., 2014); therefore, we assessed whether 30 μg
of PF-04457845 would be sufficient to induce a change in
feeding under the current conditions. Given that
antagonism of central CB1 receptors modulated feeding
(Merroun et al., 2009), we also assessed whether the CB1

receptor antagonist, AM251, would modulate feeding alone
or when combined with a high dose of PF-04457845 in the
current experiment.

Experiment 6a: Homecage feeding. Rats received an i.c.v.
infusion as in the previous experiments. However, to
accommodate a higher dose of PF-04457845, drug was
delivered in a total volume of 2 μL over 2 min (1 μL·min�1)
with an additional minute to allow for diffusion in the
ventricle. Rats were treated with vehicle (VEH; n = 12),
PF-04457845 (PF; 30 μg n = 13), AM251 (AM; 0.1 μg; n = 10)
or a cocktail containing PF-04457845 and AM251 (PF + AM;
n = 8) and placed back into their homecage for 60 min.
Animals were food restricted for 2 h, after which feeding
measures began at the onset of the dark cycle.

Experiment 6b: Stress-induced anorexia. Subjects received
an i.c.v. infusion as described above with vehicle (VEH;
n = 13), PF-04457845 (PF; 30 μg n = 13), AM251 (AM; 0.1 μg;
n = 8) or a cocktail containing PF-04457845 and AM251
(PF + AM; n = 9) 60 min prior to restraint stress (2 h).
Following termination of stress, the rats were immediately
returned to their homecage for behavioural testing. All
remaining procedures were identical to that of the
homecage feeding animals in Experiment 5a.

Endocannabinoid extraction and analysis
Drug naïve rats were killed after stress or homecage food restric-
tion by rapid decapitation, and tissues were collected as
described above. Lipid extractions were carried out as previously
described (Qi et al., 2015). Briefly, frozen brain and gut tissuewas
weighed and then manually homogenized (with a glass rod) in
borosilicate glass culture tubes containing 2 mL of acetonitrile
with 5 nmol of d8-2-AG, 5 pmol of d8-AEA, 40 pmol d4-PEA
and 40 pmol d4-OEA. For serum endocannabinoid levels,
500 μL of serum was added directly to the acetonitrile with the
same preparation of internal standard as the tissue samples. All
other steps of processing for serum were identical to those for
tissue (described below). All samples were sonicated for 30 min
in an ice bath and incubated overnight at �20°C to precipitate
proteins. The following day samples were centrifuged at 1500× g
to remove particulates. The supernatant from each sample
was transferred to a new glass tube and evaporated under nitro-
gen, the tubewas thenwashed once with 350 μL acetonitrile (to
recapture any lipids adhering to the glass wall) and the acetoni-
trile was dried under nitrogen gas again. After complete drying,
the samples were re-suspended in 200 μL of acetonitrile and

stored at �80°C until analysis by LC–MS. Analysis by MS was
performed exactly as previously described (Qi et al., 2015).

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2018). Behavioural, biochemical and
intestinal transit data are presented as means (±SEM) and
were analysed in SPSS Statistics (IBM; version 22, Armonk,
NY, USA). Results were considered significant at P < 0.05 for
all statistical tests. The feeding data from early (1 h, 2 h) and
later (4 h, 8 h, 22 h) time points were analysed using separate
one-way ANOVAs or independent t-tests at each time point,
as appropriate. Post hoc tests were conducted as required using
Fisher’s LSD. For the biochemical data, endocannabinoid
levels were compared between stressed and unstressed ani-
mals using t-tests. Differences in intestinal transit following
drug pretreatment were compared using t-tests.

Materials
All drugs were administered in a vehicle solution containing a
1:1:18 ratio of DMSO:Tween-80:saline. For systemic
administration, PF-04457845 (10 mg·kg�1; provided by
Pfizer, Cambridge, MA, USA), MJN110 (10 mg·kg�1; provided
by B.F. Cravatt, The Scripps Research Institute, La Jolla, CA,
USA) and AM6545 (5 mg·kg�1; provided by A. Makriyanis,
Northeastern University, Boston, MA, USA) were injected at
1 mL·kg�1. For central administration, PF-04457845 was pre-
pared at a concentration of 6 μg·μL�1 and MJN110 was
prepared at 10 μg·μL�1. Either drug was delivered in a final
volume of 0.5 μL into the lateral ventricle. In Experiment 6,
PF-04457845 was prepared at a concentration of 15 μg·μL�1

alone or in combination with AM251 (0.05 μg·μL�1; Tocris,
Bristol, UK) and delivered into the lateral ventricle in a total
of 2 μL. In all cases, the drug was first dissolved in DMSO,
and then warm Tween-80 was added. After the DMSO and
Tween-80 were mixed, warm saline was added to make up
the final concentration.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2017/18
(Alexander et al., 2017a,b,c,d).

Results

Experiment 1: Validation of stress model and
stressor duration on feeding and body weight
Stress effects on feeding depend on stressor intensity (and
duration) and motivation to feed (appetite). Although 1 h
restraint did not modify feeding, 2 h stress reduced cumula-
tive intake and body weight, as well as reduced AEA and
2-AG levels in different regions.

Experiment 1a: 1 h restraint stress. An acute 1 h restraint stress
did not change cumulative feeding during early (1, 2 h;
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Figure 1A) or late (4, 8, 22 h; Figure 1B) post-stress time
points. However, analysis of the body weight revealed that
1 h stress significantly reduced body weight gain at 24 h,
but not at 48 or 72 h.

Experiment 1b: 2 h restraint stress. Analysis of cumulative
feeding following 2 h stress revealed that restraint
significantly decreased intake during early post-stress time
points (1 h) (Figure 2A). Although feeding was not different
at 4 or 8 h, overall intake at the 22 h time point was

significantly reduced (Figure 2B). There was also a significant
effect of stress on body weight at all points following stress.

Experiment 1c: Effect of 2 h restraint stress on tissue-specific
endocannabinoid levels. Given that 2 h restraint stress
reduced feeding and weight gain, this stressor duration was
used for the remaining experiments. We examined the
effects of 2 h restraint stress on endocannabinoids in
distinct tissue compartments involved in response to stress
and feeding. Figure 2 presents the mean (±SEM)

Figure 1
Acute stress reduces energy intake and body weight gain. Although a 1 h restraint stress (n = 6) did not reduce feeding at early (A) or late (B) time
points compared to 1 h homecage without food (HC; n = 7), a 2 h restraint (n = 14) resulted in decreased food intake at 1 and 2 h (D; early feed-
ing), and 22 h post-stress (E; late feeding) compared to 2 h homecage without food (HC; n = 13). Body weight gain was reduced at all time points
after a 2 h stress episode (F) and at 24 h after 1 h of restraint (C). Individual results are shown with mean ± SEM indicated by the bars. *P < 0.05,
significantly different from HC unstressed group.
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endocannabinoid (and PEA/OEA) content in the
hypothalamus (A–D), blood (E–H), jejunum (I–L) and
duodenum (M–P). AEA content was significantly reduced in
the hypothalamus (Figure 2A) and serum (Figure 2E)
following stress. However, no other changes in
endocannabinoids or levels of PEA or OEA were observed in
these regions. In the small intestine, 2-AG content was
selectively decreased in the jejunum following stress
(Figure 2J), but not in duodenum. Intestinal content of
AEA/PEA/OEA in these regions were unaffected by stress.

Experiment 2: Effect of systemic
endocannabinoid manipulations on feeding
and body weight
Because endocannabinoids regulate feeding and appetite, as
well as response to stress, the effects of pharmacological ma-
nipulations in the current study were assessed independently
on homecage feeding and food intake following stress.

Experiment 2a: Homecage feeding. Analysis of cumulative
feeding during early time points (Figure 3A) revealed a main

Figure 2
The effects of 2 h restraint stress on AEA, 2-AG, PEA and OEA content in the hypothalamus (A–D), serum (E–H), jejunum (I–L) and duodenum
(M–P). Acute restraint (n = 10) resulted in decreased AEA content in the hypothalamus (A) and in serum (E) compared to unstressed homecage
animals (HC; n = 10). However, no other changes in endocannabinoids or levels of PEA or OEA were observed in these regions. In the small intes-
tine, 2-AG content was selectively decreased in the jejunum following stress, but not in duodenum. Intestinal content of AEA, PEA andOEA in these
regions were unaffected by stress. Individual results are shown with mean ± SEM indicated by the bars. *P < 0.05, significantly different from
homecage unstressed group.
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effect of drug pretreatment at 2 h, and post hoc analysis
revealed that MJN110 reduced intake relative to vehicle-
treated rats and those given PF-04457845. Analysis of later
time points (Figure 3B) revealed a significant pretreatment
effect at 8 h and 22 h with MJN110-treated rats consuming
significantly less chow than vehicle controls at both time
points (8 h and 22 h), as well as at 22 h feeding among
those administered PF-04457845. However, analysis of body
weight (Figure 3C) did not reveal an effect of pretreatment
at any time point.

Experiment 2b: Stress-induced anorexia. Although there was
no drug effect during early feeding (Figure 3C), analysis of
later time points (Figure 3D) revealed a main effect of
pretreatment at 4 h, 8 h and 22 h. Animals pretreated with
MJN110 ate significantly less than either the vehicle or PF-

04457845 group at 4 h, 8 h and 22 h. Analysis of body
weight (Figure 3E) revealed pretreatment effects at 24 h and
48 h. Post hoc comparisons revealed that MJN110-treated
rats gained significantly more weight than vehicle controls
at 24 h and 48 h after stress.

Experiment 3: Effect of antagonism of
peripheral CB1 receptors on MJN110-induced
anorexia
The finding that MJN110 produced anorexia yet attenuated
stress-induced decreases in body weight gain suggested that
MAGL inhibition exerts distinct effects on gut function. To
explore whether signalling by peripheral CB1 receptors un-
derlies MJN110-induced anorexia, the peripherally restricted,
CB1 receptor antagonist AM6545 was administered to all rats.

Figure 3
Effect of systemic endocannabinoid manipulations on feeding and body weight in unstressed (A–C) and stressed (D–F) rats. The MAGL inhibitor,
MJN110 (MJN; 10 mg·kg�1, n = 10), reduced early (2 h; A) and late (8 h, 22 h; B) feeding in unstressed animals compared to vehicle (VEH; n = 13)
without affecting weight gain (C). In stressed rats, MJN110 (10mg·kg�1; n = 11) pretreatment reduced late feeding at all time points compared to
vehicle (n = 13) but increased body weight at 24 and 48 h following stress. The FAAH inhibitor, PF-0447845 (PF; 10 mg·kg�1), did not have any
effect on feeding and body weight in stressed (n = 10) or unstressed (n = 10) conditions. Individual results are shown with mean ± SEM indicated
by the bars. *P < 0.05, significantly different as indicated .

Endocannabinoid regulation of feeding

British Journal of Pharmacology (2019) 176 1524–1540 1531



Although the anorectic effects of MAGL inhibition were no
longer evident in homecage feeding, MJN110 still decreased
feeding in animals exposed to stress.

Experiment 3a: Homecage feeding. Analysis of cumulative
feeding did not reveal an effect of MJN110 during early time
points (1, 2 h; Figure 4A) or later time points (4, 8, 22 h;
Figure 4B) throughout the testing period. Similarly, there
was no effect of MJN110 on body weight (24, 48, 72 h;
Figure 4C).

Experiment 3b: Stress-induced anorexia. There was no effect of
pretreatment during early time points of testing (1, 2 h;
Figure 4D). Although feeding remained unchanged at 4 h
(Figure 4E), MJN110 reduced food intake at 8 h and 22 h
post-stress. Analysis of body weight (Figure 4F) revealed a
significant drug effect with MJN110-treated rats gaining
significantly less weight at 72 h following stress, although

body weight change at earlier periods was not significantly
different (24, 48 h).

Experiment 4: Effect of systemic MAGL
inhibition on small intestinal transit
To further explore how MAGL inhibition differentially
affected stress-induced anorexia and body weight gain, the
effects of MJN110 on small intestinal transit were explored.
Despite reducing gut transit in unstressed conditions, MAGL
inhibition did not modulate motility after stress.

Experiment 4a: Unstressed transit. Analysis of pretreatment
feeding (Figure 5A) and food intake following gavage
(Figure 5B) did not reveal any effect of MJN110
administration. However, MAGL inhibition significantly
reduced small intestinal transit in rats (Figure 5C).

Figure 4
Inhibition of MAGL by MJN110 decreases feeding independent of peripheral CB1 receptors following stress. Although MJN110 pretreatment
(MJN; 10 mg·kg�1; n = 11) did not affect intake (A,B) and body weight gain (C) in unstressed rats receiving the peripherally restricted CB1 antag-
onist, AM6545 (5 mg·kg�1), the MAGL inhibitor (n = 10) reduced feeding at 8 h (D) and 22 h (E) post-stress compared to vehicle pretreated an-
imals (n = 17). Post-stress body weight (F) was reduced 72 h following MJN110 pretreatment. All animals received AM6545 (5 mg·kg�1).
Individual results are shown with mean ± SEM indicated by the bars. *P < 0.05, significantly different from VEH.
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Experiment 4b: Stressed transit. Analysis of pretreatment
feeding (Figure 5D) and food intake following gavage
(Figure 5E) did not reveal any effect of MJN110
administration, nor was there an effect on small intestinal
transit in rats.

Experiment 5: Effect of i.c.v. FAAH and MAGL
inhibition on feeding
Two hour restraint stress reduced the levels of endocannabinoids
in distinct central and peripheral compartments. Thus, in
order to assess if central inhibition of FAAH and MAGL
could modulate feeding, PF-04457845 and MJN110 were
delivered via icv administration. Although neither manipula-
tion affected feeding under stressed conditions, combined
dual inhibition of FAAH and MAGL stimulated early homeo-
static feeding.

Experiment 5a: Homecage feeding. Analysis of cumulative
feeding did not reveal an effect for the treatment drug
during early feeding, (1, 2 h; Figure 6A). Likewise, there
was no drug effect at later time points (4, 8, 22 h; Figure 6
B) or an effect on body weight at any time point (24, 48,
72 h; Figure 6C).

Experiment 5b: Stressed-induced anorexia. Analysis of
cumulative feeding following stress did not reveal an effect

of pretreatment during early time points (1, 2 h; Figure 6D)
or later time points (4, 8, 22 h; Figure 6E). Similarly, there
was no effect of drug administration on body weight (24,
48, 22 h; Figure 6F).

Experiment 5c: Effect of dual i.c.v. FAAH and MAGL inhibition
on homecage feeding. Analysis of cumulative feeding
during early time points revealed that combined PF-
04457845 + MJN110 pretreatment stimulated feeding
during 1 h (Figure 7A); but not at 2 h. There were no
significant effects at later time points for feeding (4, 22 h;
Figure 7B) or body weight gain (24, 48, 72 h; Figure 7C).

Experiment 5d: Effect of dual i.c.v. FAAH andMAGL inhibition on
stress-induced anorexia. Analysis of cumulative feeding
following stress did not reveal an effect of pretreatment
during the early time points (1, 2 h; Figure 7D) or later time
points (4, 8, 22 h; Figure 7E) throughout the testing period.
Similarly, there was no drug effect on body weight (24, 48,
72 h; Figure 7F).

Experiment 6: Effect of high dose PF-04457845
on feeding
Experiment 6 assessed whether a higher dose of PF-04457845
would modulate feeding under homecage and stress condi-
tions given that a 10-fold higher dose of the analogous FAAH

Figure 5
Inhibition of MAGL by MJN110 reduces basal small intestinal transit. Pretreatment feeding and food intake following gavage were not affected by
MJN110 (MJN; 10 mg·kg�1) administration in unstressed (A,B; n = 5) and stressed rats (D,E; n = 9), compared to vehicle pretreated animals that
underwent 2 h restraint (n = 12) or remained in their homecage (n = 4). However, MAGL inhibition significantly reduced small intestinal transit in
unstressed rats (C), while transit remained unchanged byMJN110 pretreatment following stress (F). Individual results are shownwithmean ± SEM
indicated by the bars. *P = 0.05, significantly different from VEH.
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inhibitor, PF3845, has been reported to elicit central effects in
mice (Fichna et al., 2014). The i.c.v. administration of
PF-04457845 differentially affected homecage feeding com-
pared to stress-induced changes in food intake. Specifically,
central FAAH inhibition reduced homeostatic feeding
independent of CB1 receptors but attenuated stress-induced
anorexia through a CB1 receptor-dependent mechanism.

Experiment 6a: Homecage feeding. There was a significant
pretreatment effect at 1 h (Figure 8A). Animals injected with
PF-04457845 consumed significantly less chow than vehicle
treated control rats during the first hour of feeding.
Similarly, rats given the combined PF-04457845/AM251 also
consumed less chow than vehicle controls. Analysis of later
time points did not reveal any differences in food intake
(2 h; 4, 8, 22 h; Figure 8B) or body weight (24, 48, 72 h;
Figure 8C).

Experiment 6b: Stress-induced anorexia. Although there was
no drug effect on feeding at 1 h (Figure 8D), analysis
revealed a significant effect at 2 h with PF-04457845-
injected rats consuming significantly more chow than
vehicle controls. The attenuation of stress-induced anorexia
by PF-04457845 was CB1-dependent, as rats co-administered
PF + AM251 consumed significantly less chow at 2 h post-
stress than animals receiving PF-04457845 alone, but did
not differ from vehicle controls. Analysis of later time
points did not reveal any differences in food intake (4, 8, 22 h;
Figure 8E), nor was there any effect on body weight (24, 8,
22 h; Figure 8F).

Discussion
The current study investigated how inhibition of
endocannabinoid hydrolysis, and thus increased AEA and

Figure 6
Effect of i.c.v. FAAH andMAGL inhibition on feeding and body weight in unstressed (A–C) and stressed (D–R) rats. Administration of PF-04457845
(PF; 3 μg) or MJN110 (MJN; 5 μg) did not modify food intake or body weight in rats that were exposed to a 2 h restraint stress (VEH, n = 16; PF,
n = 9; MJN, n = 8) or 2 h confinement to homecage without food (VEH, n = 14; PF, n = 9; MJN, n = 7). Individual results are shownwith mean ± SEM
indicated by the bars.
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2-AG signalling, modulated homeostatic feeding and
consumption in response to stress – a known modulator of
energy intake. Acute stress leads to inhibition of food intake
(Harris, 2015), and the data from the current experiments
are consistent with these findings. One hour stress modestly
reduced feeding but significantly reduced body weight gain.
It is possible that due to the relatively small sample size
(n = 6–7 per group), this experiment was under-powered;
although this shorter stressor did not produce a robust
anorectic effect. However, a single 2 h acute restraint stress
had immediate anorectic effects within the 2 h post-stress pe-
riod, consistent with previous studies (e.g. Krahn et al., 1990).
Stressed animals did not differ from homecage controls at 4 h,
most likely because they overconsumed chow, thus making
up for lost intake. However, overall consumption remained
lower at 22 h. As stressed animals reduced their intake, body
weight was consequently affected by stress, resulting in a
sustained shift in weight gain for the duration of the study.

Activation of the endocannabinoid system and the HPA
axis modulates energy balance in opposite ways. Manipula-
tions that increase endocannabinoids or activation of CB1 re-
ceptors stimulate feeding (Lau et al., 2017). In particular,
feeding status appears to be regulated by endocannabinoid
levels in the brain (Kirkham et al., 2002) and gut (Dipatrizio
et al., 2015), suggesting that increased AEA and 2-AG levels
drive feeding through separate circuits. Conversely, stress
exerts a negative effect on food intake (Harris, 2015), which
corresponds to reduced AEA levels (Hill and Tasker, 2012;
Morena et al., 2016). Indeed, in the current study, restraint
stress decreased AEA in the hypothalamus (and circulating
blood) while 2-AG content was reduced in the jejunum.
Given that fasting has been shown to increase jejunal 2-AG
(Dipatrizio et al., 2015), the stress-induced decrease observed
in the current study and ensuing anorexia is consistent with a
role for 2-AG in regulating feeding in this region. Fasting has
also been shown to increase brain endocannabinoid levels

Figure 7
Dual FAAH/MAGL inhibition stimulates food intake. In unstressed rats, combined i.c.v. administration of PF-04457845 (PF; 3 μg) and MJN110
(MJN; 5 μg) (n = 8) increased early feeding at 1 h (A) compared to animals that received vehicle (n = 14), however, body weight was not signif-
icantly increased with combined treatment (C). In stressed animals, combined PF-04457845 and MJN110 pretreatment (n = 8) had no effect on
feeding (D,E) or body weight (E) compared to vehicle pretreated rats (n = 16). Individual results are shown with mean ± SEM indicated by the bars.
*P < 0.05, significantly different from VEH.
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(Kirkham et al., 2002); therefore, a decrease in hypothalamic
AEA following stress may reflect a reduction in feeding drive
after exposure to a stressor.

Given that restraint decreased AEA and 2-AG levels in the
brain and gut, we assessed whether inhibition of FAAH and
MAGL modulates stress-induced anorexia. While systemic
administration of the FAAH inhibitor, PF-04457845, did not
affect intake, surprisingly the MAGL inhibitor, MJN110,
reduced consumption. The endocannabinoid system has
previously been shown to increase/decrease feeding via CB1

receptors expressed on glutamatergic and GABAergic neurons
respectively (Bellocchio et al., 2010). Some studies have sug-
gested that 2-AG could preferentially signal at CB1 receptors
on GABAergic terminals, while AEA could preferentially
signal at CB1 receptors on glutamatergic terminals (Llorente-
Berzal et al., 2015; Di et al., 2016; Natividad et al., 2017). In
light of these findings, it is plausible that the ability of AEA

signalling to reverse stress-induced anorexia is due to activa-
tion of CB1 receptors on glutamatergic terminals (which pro-
mote feeding; Bellocchio et al., 2010), while the anorectic
effects of MJN110 could be via 2-AG acting at CB1 receptors
on GABA neurons (which have been found to suppress feed-
ing; Bellocchio et al., 2010).

Despite reducing food intake in both unstressed and stress
conditions, MJN110 actually reversed stress-induced weight
loss. This paradoxical effect on feeding and weight gain could
be attributable to changes in gastrointestinal function follow-
ing systemic MAGL inhibition. Interestingly, in unstressed
animals, MJN110 reduced GI transit suggesting that the
dissociation between feeding and weight gain in unstressed
animals is due to reduced clearance of faecal matter, which
prevents weight loss in light of reduced food intake. As treat-
ment with CB1 receptor agonists inhibit, whereas antagonists
increase, basal gut transit in rats (Mathison et al., 2004), the

Figure 8
Central FAAH inhibition attenuates stress-induced anorexia via CB1 receptors and reduces homeostatic feeding independent of CB1 signalling. In
unstressed rats, i.c.v. administration of PF-04457845 (PF; 30 μg; n = 13) or PF-04457845 combined with AM251 (0.1 μg; n = 8) reduced early
feeding (A) compared to animals receiving vehicle (n = 12). Among stressed animals, rats administered i.c.v. PF-04457845 (PF; n = 13) consumed
more food at 2 h post-stress (D) compared to rats receiving vehicle (n = 13) or PF-04457845 combined with AM251 (n = 9). Individual results are
shown with mean ± SEM indicated by the bars. *P < 0.05, significantly different as indicated.
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finding that MAGL inhibition reduces basal motility is
consistent with previous reports on the endocannabinoid
system in regulating small intestine function (Storr et al.,
2010; Cluny et al., 2010b, 2010a; Keenan et al., 2015). Inhibi-
tion of MAGL has also been shown in mice to reduce whole
gut transit (Duncan et al., 2008). It is unclear whyMAGL inhi-
bition did not affect transit with stress. However, the bio-
chemical data indicate that jejunal 2-AG is reduced
following stress, which could be attributable to changes in
the hydrolytic activity of MAGL or reduced 2-AG biosynthe-
sis. In the latter case, the MAGL inhibitor could be less
effective in increasing 2-AG levels, which may underlie the
difference of MJN110 on gut transit in the current study.

To explore the contribution of signalling by peripheral
CB1 receptors in mediating the effects of MJN110 on feeding
and weight changes, we assessed concomitant pretreatment
with the peripherally restricted neutral CB1 receptor antago-
nist, AM6545. Antagonism of CB1 receptors is well known
to exert anorectic effects with inverse agonist/antagonists
(Chambers et al., 2004, 2006; McLaughlin et al., 2005;
Merroun et al., 2009) and neutral antagonists (Randall et al.,
2010; Cluny et al., 2010b, 2011) all reducing feeding, includ-
ing peripherally restricted compounds such as AM6545
(Randall et al., 2010; Cluny et al., 2010b). In this case,
MJN110 did not further reduce unstressed food intake among
animals pretreated with AM6545 but still decreased feeding
in rats exposed to restraint stress. These findings suggest that
2-AG may exert CB1 receptor-dependent and -independent
effects in the periphery under stressed/unstressed conditions
respectively. Interestingly, AM6545 prevented the ability of
MJN110 to reverse stress-induced weight loss, suggesting that
2-AG signalling on body weight gain is mediated by
peripheral CB1 receptors.

Systemic PF-04457845 was ineffective in attenuating
stress-induced anorexia, which could be attributable to FAAH
inhibition elevating two distinct – and opposing – regulators
of feeding. The FAAH enzyme catalyses the hydrolysis not
only of AEA but also other fatty acid amides (Cravatt et al.,
1996), including the anorexic lipid, OEA (Rodríguez de
Fonseca et al., 2001). The satiety-inducing effects of OEA are
mediated by activation of the nuclear transcription factor,
PPAR-α (Fu et al., 2003), which occurs, in part, through
peripheral regulation of the gut (Rodríguez de Fonseca et al.,
2001; Fu et al., 2003). It is likely that the effect of increased
AEA on feeding is opposed by concomitant elevation of
OEA following global FAAH inhibition. Increased levels of
acyl ethanolamides could also activate other receptor targets
previously shown to play a role in feeding/satiety (Hansen
and Diep, 2009; Hansen, 2014), such as TRPV1 (Motter
and Ahern, 2008) or GPR119 (Overton et al., 2006), and
could thus modulate feeding independent of CB1 receptor
(and PPAR-α) signalling under unstressed feeding conditions,
as well.

Because OEA is known to reduce feeding via a peripheral
mechanism, we sought to differentiate between peripheral
and central FAAH inhibition to unmask a potential role of
AEA in modulating feeding. Systemic FAAH inhibition was
without effect, and the current biochemical data suggested
that a drop in central AEA signalling may underlie anorexia
following stress. Therefore, we explored whether
manipulations that increase central AEA could overcome

stress-induced decreases in hypothalamic levels and reduce
anorexia. Indeed, i.c.v. administration of PF-04457845
(30 μg) attenuated stress-induced anorexia, and this was
blocked by co-administration of the CB1 receptor antagonist,
AM251. Given that stress-induced reductions in AEA are
mediated by increases in CRH signalling (Gray et al., 2015;
Natividad et al., 2017) and that inhibition of FAAH can coun-
teract the behavioural effects of CRH (Gray et al., 2015;
Natividad et al., 2017), it is interesting to view these findings
in light of the fact that CRH mediates the effects of acute
stress on feeding behaviour (Krahn et al., 1986; Shibasaki
et al., 1988; Smagin et al., 1999). As such, these data suggest
that stress promotes CRH release, thereby triggering
FAAH-mediated AEA hydrolysis. As reduced AEA signalling
contributes to the generation of an anxiety state (Gray et al.,
2015; Natividad et al., 2017), it is likely also to suppress food
intake. Accordingly, these data support the potential impor-
tance of CRH and FAAH/AEA dynamics in contributing to
several aspects of the stress response.

It is interesting to note that central administration of
PF-04457845 resulted in opposing effects on food intake de-
pending on the dose and feeding condition. Specifically,
30 μg of PF-04457845 was sufficient to attenuate stress-
induced anorexia, although the same dose produced
hypophagia among animals in the unstressed homecage
feeding condition. Although the effect of central FAAH inhi-
bition on stress-feeding was via a CB1 receptor-dependent
mechanism, the anorectic effects were not blocked by
co-administration of a CB1 receptor antagonist. These oppos-
ing effects indicate that central FAAH inhibition may
stimulate or inhibit food intake depending on the relative
increase in AEA and related acyl ethanolamides, which
activate distinct receptor targets within the CNS to control
energy intake.

Although a lower dose of PF-04457845 (3 μg) was
ineffective alone, combined pretreatment with MJN110
(5 μg) increased food intake during the early feeding period.
This is noteworthy given that MAGL inhibition alone did
not have an effect on feeding in either condition after i.c.v.
administration. In this case, the lack of effect(s) of central
MJN110 alone could be attributable to differences in adminis-
tering an exogenous agonist/ligand compared to elevating
endogenous 2-AG via inhibition of its catabolic enzyme,
MAGL. This latter approach requires endocannabinoid bio-
synthesis, gradually increasing levels of 2-AG. Moreover,
Kirkham et al. (2002) reported that, although 2-AG infusions
into the nucleus accumbens stimulated feeding in rats, ad-
ministration into the lateral ventricle had no effect.
Therefore, it is possible that i.c.v. MJN110 was not sufficient
to increase 2-AG levels in critical feeding centres to stimulate
intake.

In summary, the current study revealed important differ-
ences in AEA and 2-AG signalling in homeostatic feeding
and changes in energy intake following stress. Restraint stress
resulted in a decrease in hypothalamic and circulating AEA,
while 2-AG in the jejunum was reduced. Increasing central
AEA via FAAH inhibition attenuated stress effects on food in-
take via CB1 receptors yet reduced homeostatic feeding in un-
stressed animals independent of CB1 receptors. On the other
hand, increased 2-AG following MAGL inhibition decreased
energy intake regardless of stress or feeding condition and
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inhibited basal intestinal transit in unstressed rats. The effect
of MAGL inhibition to reduce feeding appears to be indepen-
dent of signalling by CB1 receptors following stress. It re-
mains to be determined how FAAH and MAGL inhibition
exert effects on feeding independent of CB1 receptors.
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