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Modulation of Meal Pattern in the Rat by the Anorexic Lipid
Mediator Oleoylethanolamide

Silvana Gaetani1, Fariba Oveisi1 and Daniele Piomelli*,1

1Department of Pharmacology, University of California, Irvine, CA 92697-4625, USA

Oleoylethanolamide (OEA) is a structural analog of the endogenous cannabinoid anandamide, which does not activate cannabinoid

receptors. The biosynthesis of OEA in rat small intestine is increased by feeding and reduced by fasting. Moreover, OEA decreases food

intake in food-deprived rats via a mechanism that requires intact sensory fibers (Rodrı́guez de Fonseca, 2001). These results suggest that

OEA may contribute to the peripheral regulation of feeding. In the present study, we have investigated the effects of systemic OEA

administration (1–20 mg/kg, intraperitoneal) on meal pattern in free-feeding and food-deprived rats. In free-feeding animals, OEA delayed

feeding onset in a dose-dependent manner, but had no effect on meal size or postmeal interval. In food-deprived animals, OEA both

delayed feeding onset and reduced meal size. The selective effects of OEA in free-feeding rats are strikingly different from those of the

serotonergic anorexiant d-fenfluramine (which delayed feeding and reduced meal size) and the intestinal peptide cholecystokinin (which

reduced meal size). These results suggest that OEA may participate in the regulation of satiety and may provide a chemical scaffold for

the design of novel appetite-suppressing medications.

Neuropsychopharmacology (2003) 28, 1311–1316, advance online publication, 2 April 2003; doi:10.1038/sj.npp.1300166
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INTRODUCTION

Oleoylethanolamide (OEA) is a natural analog of the
endogenous cannabinoid, anandamide (arachidonoyletha-
nolamide) (Bachur and Udenfriend, 1963; Schmid et al,
1996). Like anandamide, OEA is produced by neurons and
other cells in a stimulus-dependent manner (Di Marzo et al,
1994; Cadas et al, 1997) and is eliminated through
enzymatic hydrolysis (Schmid et al, 1985; Désarnaud et al,
1995, Cravatt et al, 1996), suggesting that it may participate
in cell-to-cell signaling processes. Yet, despite its structural
and metabolic similarities with anandamide, OEA does not
bind to cannabinoid receptors, and its functional roles have
long remained elusive.

We have recently reported that OEA, when administered
as a drug, dose-dependently decreases eating in food-
deprived rats (Rodrı́guez de Fonseca et al, 2001). This effect
may be mediated by peripheral sensory fibers, as it is
prevented by treatment with the neurotoxin capsaicin, and
is accompanied by discrete activation of brain structures,
such as the paraventricular nucleus of the hypothalamus,
which are intimately involved in the control of energy
balance (Rodrı́guez de Fonseca et al, 2001). We also have

shown that OEA biosynthesis in the small intestine, but not
in the brain, is stimulated by feeding and inhibited by
fasting, suggesting that this lipid compound may contribute
to the intestinal regulation of ingestive behavior (Rodrı́guez
de Fonseca et al, 2001). An opposite role has been proposed
for anandamide (Gomez et al, 2002).

The anorexic actions of OEA are remarkably selective.
Systemic doses of the compound that strongly inhibit
feeding in rats have no effect on a variety of behavioral
parameters, including water intake, anxiety, stress-hormone
levels, and motor activity (Rodrı́guez de Fonseca et al,
2001). This selectivity underscores the potential significance
of OEA in the physiological regulation of feeding and
highlights the interest of defining the mechanism of action
of this lipid mediator. With this goal in mind, in the present
study we have examined the consequences of OEA
administration on meal pattern in food-deprived and free-
feeding rats.

MATERIALS AND METHODS

Animals

Adult male Wistar rats (250–300 g) were housed in groups
of three in standard Plexiglas cages at a room temperature
of 221C. A 12-h light/dark cycle was set with the light on at
5:30 am. Water and standard chow pellets (Prolab RMH
2500) were available ad libitum. All procedures met the
National Institutes of Health guidelines for the care and use
of laboratory animals.

Online publication: 22 January 2003 at http://www.acnp.org/citations/
Npp02203465/default.pdf

Received 07 November 2002; revised 14 January 2003; accepted 15
January 2003

*Correspondence: Dr Daniele Piomelli, Department of Pharmacology,
360 MSRII, University of California, Irvine, CA 92697-4625, USA, Tel:
+1 949 824 6180, Fax: +1 949 824 6305, E-mail: piomelli@uci.edu

Neuropsychopharmacology (2003) 28, 1311–1316
& 2003 Nature Publishing Group All rights reserved 0893-133X/03 $25.00

www.neuropsychopharmacology.org



Drugs

OEA was synthesized in the laboratory (Giuffrida et al,
2000), dissolved in 70% DMSO/30% sterile saline and
administered, 15 min before food presentation, by intraper-
itoneal (i.p.) injection at doses of 1, 2.5, 5, 10, and 20 mg/kg
(in 1 ml/kg vehicle). d-Fenfluramine and cholecystokinin-
octapeptide (CCK-8) (Sigma, St Louis, MO) were dissolved
in saline containing bovine serum albumin (0.1%, weight/
volume). d-Fenfluramine was administered 30 min before
food presentation (3 mg/kg, subcutaneously, s.c.), and CCK-
8 5 min before food presentation (25 mg/kg, i.p.).

Analysis of Feeding Behavior

Apparatus. Food intake was recorded with an automated
system (Scipro Inc., New York, NY), consisting of 24 cages
equipped with baskets connected to weight sensors. The
baskets contained standard chow pellets and were accessible
to the rats through a hole in the wire lid of the cage. Each
time food was removed from the basket, the computer
recorded the duration of the event, the amount of food
retrieved, and the time at which the event occurred. Weight
variations were monitored every second and threshold for
an eating episode was set at 0.5 g and 41 min.

Procedure. Rats were habituated to the test cages for 3 days
prior to trials. Experiments on 24-h food-deprived rats
lasted 6 h and were conducted from 10:00 am to 4:00 pm.
Experiments with free-feeding rats began at the onset of the
dark phase (5:00 pm) and lasted 24 h.

Analysis. Recorded data were analyzed as food ingested
per kg body weight per hour, and as cumulative food intake
(g/kg body weight) across the test period. A detailed meal
analysis was performed adopting a minimum inter-response
interval separating two meals of 10 min (Burton et al, 1981).
Two categories of feeding parameters were distinguished: ‘first
meal parameters’ and ‘average meal parameters’ (Reidelberger
et al, 2001). The ‘first meal parameters’ included:

� Latency of feeding onset (min): the time interval from
trial inception to the first eating episode.

� First meal size (g/kg): amount of food consumed during
the first meal.

� First postmeal interval (min): the time interval between
end of the first meal and beginning of the second meal.

� First satiety ratio [min/(g/kg)]: the ratio between first
postmeal interval and first meal size.

The average meal parameters included:

� Meal size, postmeal interval and satiety ratio: the average
of each meal parameter over all meals during the trial
period, calculated for each animal.

� Meal frequency (meals/h): the ratio between total number of
meals consumed within the trial period and trial duration.

� Eating rate ((g/kg)/min): the ratio of the average meal size
to average meal duration.

Analysis of OEA Levels in Plasma

Rats were anesthetized with halothane and blood (2 ml) was
collected by cardiac puncture at various times after

administration of OEA (5 mg/kg, i.p.) or vehicle, using a
syringe filled with 1 ml of Krebs-Tris buffer/EDTA (0.1 M).
OEA was extracted from plasma and measured by isotope-
dilution high-performance liquid chromatography mass
spectrometry, as described (Giuffrida et al, 2000).

Statistical Analysis

Cumulative food intake, measured hourly across the test
period, was analyzed by two-way analysis of variance
(ANOVA), using treatments and time as the two factors.
One-way ANOVA, followed by Dunnett’s test as post hoc,
was used to evaluate the effects of treatments on both the
first meal parameters and the average meal parameters.
OEA levels in blood samples were analyzed by one-way
ANOVA followed by Dunnett’s test as post hoc. In each
analysis, differences were considered significant if po0.05.

RESULTS

Effects of OEA in Food-Deprived Rats

As previously reported (Rodrı́guez de Fonseca et al, 2001),
systemic administration of OEA (20 mg/kg, i.p.) caused a
significant inhibition of food intake in rats that had been
deprived of food for 24 h (Figure 1). Two-way ANOVA for
cumulative food intake gave the following results:
F(treatments)¼ 42.55, df¼ 1/60, po0.001; F(time)¼ 12.67,
df¼ 5/60, po0.0001; F(interaction)¼ 1.72, df¼ 5/60, n.s.
After OEA administration, food intake remained signifi-
cantly lower than baseline for the entire duration of the test,
suggesting that OEA-treated animals did not fully compen-
sate for the initial reduction in feeding.

To explore the behavioral basis of this anorexic action, we
examined the effects of OEA on meal pattern during a 6-h
period after food presentation. As shown in Figure 2, OEA
(5 and 20 mg/kg, i.p.) influenced various first-meal para-
meters in a dose-dependent manner. These parameters
included latency of feeding onset (Figure 2a; ANOVA:
F¼ 54.59, df¼ 19, po0.0001), first meal size (Figure 2b;
ANOVA: F¼ 26.47, df¼ 19, po0.0001), and satiety ratio
(Figure 2d; ANOVA: F¼ 7.5, df¼ 19, po0.005). Specifically,
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Figure 1 Effects of OEA on cumulative food intake (g/kg) of food-
deprived rats during a 6-h test period after OEA administration (20 mg/kg
i.p.). Data represent the mean7 SEM of n¼ 6.
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OEA increased the latency of feeding onset from a control
value of 0.8 to 11.8 min, at 5 mg/kg, and to 42.5 min, at
20 mg/kg (Dunnett’s test). Moreover, OEA decreased the
first meal size to 54% of control at 5 mg/kg, and to 55% of
control at 20 mg/kg (Dunnett’s test). By contrast, the
compound had no effect on the first postmeal interval at
any of the doses tested (Figure 2c). The satiety ratio after the
first meal was significantly affected only by the highest dose
of OEA (Dunnett’s test) (Figure 2d).

OEA also altered various average-meal parameters. These
included average-meal size (Figure 2e; ANOVA: F¼ 15.49,
df¼ 19, po0.0001) and postmeal interval (Figure 2f;
ANOVA: F¼ 3.95, df¼ 19, po0.05), both of which were
reduced by 5 and 20 mg/kg OEA (Dunnett’s test), as well as
meal frequency, which was increased by 5 mg/kg OEA
(Dunnett’s test; Figure 2g; ANOVA: F¼ 5.6, df¼ 19,
po0.05). The parallel decrease in meal size and postmeal
interval caused the average satiety ratio to remain unchanged
(Figure 2h). The total amount of food intake during the 6-h
test was significantly reduced by 20 mg/kg OEA, but not by
5 mg/kg OEA (Dunnett’s test) (Figure 3a; ANOVA: F¼ 4.64,
df¼ 19, po0.05). OEA had no effect on the average rate at
which rats consumed their meals (Figure 3b).

Effects of OEA in Free-Feeding Rats

Since fasting introduces multiple physiological changes,
which may affect the response to anorexiant agents, we next

studied the effects of OEA in free-feeding rats. In this
experiment, food was removed from test cages only briefly,
at the time of OEA injection (15 min before the onset of
dark), and intake was continuously monitored for 24 h.

OEA (5–20 mg/kg) produced a dose-dependent inhibition
of food intake (Figure 4a). Two-way ANOVA gave the
following results: F(treatments)¼ 138.74, df¼ 3/960,
po0.0001; F(time)¼ 171.64, df¼ 23/960, po0.0001; F(in-
teraction)¼ 0.32, df¼ 69/960, n.s. Significant differences in
food intake were observed among treatment groups at 1 h
(Figure 4b; ANOVA: F¼ 10.1, df¼ 43, po0.0001) and 2 h
(Figure 4c; ANOVA: F¼ 4.4, df¼ 43, po0.01) after OEA
administration. Analysis of first meal parameters revealed
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Figure 2 Effects of OEA (mg/kg, i.p.) on meal pattern in food-deprived rats. (a) Latency of feeding onset at the beginning of the 6-h trial period. (b–d) First
meal parameters. (e–h) Average meal parameters. MS¼meal size, PMI¼ postmeal interval, SR¼ satiety ratio (variables are defined under Material and
Methods). Data represent the mean7 SEM of n¼ 5–10; #po0.05 and ##po0.01 vs vehicle (Dunnett’s test).
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that OEA (1–20 mg/kg) significantly increased the latency of
feeding onset at doses of 5, 10, and 20 mg/kg (Dunnett’s
test) (Figure 5a; ANOVA: F¼ 18.5, df¼ 65, po0.0001), but
had no effect on first meal size, postmeal interval and satiety
ratio after the first meal (Figure 5b–d). Analysis of average-
meal parameters showed that neither meal size nor
postmeal interval was affected by OEA treatment (Figure
5e and f). The highest dose of OEA produced a small, but
significant (Dunnett’s test) increase in satiety ratio (Figure
5g; ANOVA: F¼ 3.6, df¼ 43, po0.05). A decrease in meal
frequency (Figure 5h; ANOVA: F¼ 10.4, df¼ 43, po0.0001)
was also apparent, and significant after treatment with the
doses of 10 and 20 mg/kg (Dunnett’s test). As shown in
Figure 6a and b, the reduction in meal frequency is
accounted for by a decreased number of meals consumed
during the dark phase, because of the delay in feeding onset.
OEA caused a reduction in total food consumption
(ANOVA: F¼ 4.2, df¼ 43, po0.05), which was significant
at doses of 10 and 20 mg/kg (Dunnett’s test; Figure 6c). The
compound had no effect on eating rate (Figure 6d).

Plasma OEA Levels After Systemic Administration

Although the animals did not fully compensate for the
initial anorexic effects of OEA, such effects were relatively
short lived (Figure 4b,c), suggesting that OEA may be
rapidly eliminated after systemic administration. To test
this possibility, we measured OEA levels in the plasma of

free-feeding rats after i.p. injection of a single 5 mg/kg dose
of the compound. The time course illustrated in Figure 7
shows that plasma OEA concentrations sharply increased
after the injection, returning to baseline levels within 60 min
of administration. ANOVA gave the following results:
F¼ 10.8, df¼ 35, po0.0001. A Dunnett’s test revealed that
OEA levels were significantly different from control at 15
and 30 min, but not at 60 and 120 min after administration.
This time course probably reflects a rapid distribution and
metabolism of OEA, which is known to be hydrolyzed to
oleic acid and ethanolamine by the ubiquitous enzyme fatty
acid amide hydrolase (FAAH) (Schmid et al, 1985;
Désarnaud et al, 1995; Cravatt et al, 1996).

Effects of d-Fenfluramine and CCK-8 in Free-Feeding
Rats

To gain further insight into the mechanism of action of
OEA, we compared the anorexic effects of this compound
with those of d-fenfluramine and CCK-8 (Burton et al, 1981;
Gibbs et al, 1973). d-Fenfluramine (3 mg/kg, s.c.) was
administered 30 min before the onset of dark, while CCK-8
(25 mg/kg, i.p.), a short-lived peptide, was administered
5 min before dark. In keeping with its well-known
anorexiant actions, d-fenfluramine increased both the
latency of feeding onset (ANOVA: F¼ 22.5, df¼ 21,
po0.0001) and first meal size (Figure 8b; Dunnett’s test;
ANOVA: F¼ 8.89, df¼ 21, po0.005), whereas CCK-8 had
no significant effect on the former (Figure 8a), but
decreased the latter (Figure 8b).

DISCUSSION

The main finding of this study is that systemic administra-
tion of OEA to free-feeding rats causes a dose-dependent
delay in eating onset, which is not accompanied by changes
in meal size or postmeal interval. This delay cannot be
attributed to motoric inhibition, because it occurs at doses
of OEA (5–10 mg/kg) that have no effect on either
locomotor activity in the open field test or operant
responding for food (Rodrı́guez de Fonseca et al, 2001).
Furthermore, the OEA-induced delay in feeding is unlikely
to be because of anxiety or malaise since OEA does not alter
performance in the elevated plus-maze test or produce
conditioned taste aversion for saccharin (Rodrı́guez de
Fonseca et al, 2001). Therefore, a parsimonious interpreta-
tion of our findings, which is in agreement with previous
observations (Rodrı́guez de Fonseca et al, 2001), is that
selective doses of OEA inhibit food intake through a direct
action on feeding behavior. An additional conclusion
suggested by our results is that the effects of OEA may
differ mechanistically from those of the serotonergic
anorexiant d-fenfluramine, which affects both latency and
meal size, and of the intestinal peptide CCK, which only
reduces meal size.

A comparison with CCK, whose roles as an intestine-
derived satiation factor are well understood (for a review,
see Smith, 1999), may help shed light on the possible
physiological functions of OEA in feeding. CCK is produced
by enteroendocrine I cells of the upper small intestine, from
which it is released by the action of fat-containing nutrients.
The prandial release of CCK coordinates in a phasic manner
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multiple alimentary processes, including pancreatic enzyme
secretion, bile excretion, and inhibition of food intake. The
latter is thought to be, at least in part, mediated through the
activation of CCK-A receptors localized to peripheral
endings of sensory neurons, and manifests itself behavio-
rally as a decrease in meal size (Murphy et al, 1992; see
Figure 8). OEA also is produced in the intestinal tissue of
fed animals and requires intact sensory fibers for its anorexic
actions (Rodrı́guez de Fonseca et al, 2001). However, the
effects of this lipid mediator on free-feeding rats differ from
those of CCK in that OEA may retard meal initiation rather
than accelerate meal termination. Thus, unlike CCK, which
contributes in important ways to the process of satiation (the
phasic termination of feeding resulting from the act of food
ingestion) (Smith, 1999), the primary contribution of OEA to
normal feeding may be the regulation of satiety (the tonic
state of inhibition over eating).

In contrast with free-feeding rats, food-deprived animals
responded to OEA with a combination of increased latency
of feeding onset and reduced meal size. This result suggests
that OEA may influence meal termination only when the
meal size is substantial, as after a period of deprivation.
This effect might be due to synergistic interactions of OEA
with other gastrointestinal signals originating from the
ingestion of large amounts of food, a hypothesis that can be
tested experimentally.

In conclusion, our results indicate that OEA selectively
delays the normal eating onset in free-feeding rats without
affecting meal size and postmeal interval, suggesting that
this lipid mediator may participate in the physiological
control of satiety.
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Figure 7 Time course of OEA levels in plasma after OEA administration
(5 mg/kg i.p.) in free-feeding rats. Data represent the mean7 SEM of
n¼ 6–12; ##po0.01 vs vehicle (Dunnett’s test).
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Figure 8 Effects of d-fenfluramine (3 mg/kg, s.c.) and CCK-8 (25 mg/kg
i.p.) on latency of feeding onset (a) and first meal size (b) in free-feeding
rats. Data represent the mean7 SEM of n¼ 6–10; #po0.05 and
##po0.01 vs vehicle (Dunnett’s test).
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