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Abstract

Endocannabinoids are paracrine/autocrine lipid mediators with several biological functions. One of these, i.e. the capability to stimulate food
intake via cannabinoid CB1 receptors, has been particularly studied, thus leading to the development of the first CB1 receptor blocker, rimona-
bant, as a therapeutic tool against obesity and related metabolic disorders. Hypothalamic endocannabinoids stimulate appetite by regulating the
expression and release of anorexic and orexigenic neuropeptides via CB1 receptors. In turn, the tone of the latter receptors is regulated by hor-
mones, including leptin, glucocorticoids and possibly ghrelin and neuropeptide Y, by modulating the biosynthesis of the endocannabinoids in
various areas of the hypothalamus. CB1 receptor stimulation is also known to increase blood glucose during an oral glucose tolerance test in rats.
Here we investigated in the rat if insulin, which is known to exert fundamental actions at the level of the mediobasal hypothalamus (MBH), and
the melanocortin system, namely a-melanocyte stimulating hormone (a-MSH) and melanocortin receptor-4 (MCR-4), also regulate hypotha-
lamic endocannabinoid levels, measured by isotope-dilution liquid chromatography coupled to mass spectrometry. No effect on anandamide
and 2-arachidonoylglycerol levels was observed after 2 h infusion of insulin in the MBH, i.e. under conditions in which the hormone reduces
blood glucose, nor with intra-cerebroventricular injection of a-MSH, under conditions in which the neuropeptide reduces food intake. Con-
versely, blockade of MCR-4 receptors with HS014 produced a late (6 h after systemic administration) stimulatory effect on endocannabinoid
levels as opposed to a rapid and prolonged stimulation of food-intake (observable 2 and 6 h after administration). These data suggest that
inhibition of endocannabinoid levels does not mediate the effect of insulin on hepatic glucose production nor the food intake-inhibitory effect
of a-MSH, although stimulation of endocannabinoid levels might underlie part of the late stimulatory effects of MCR-4 blockade on food intake.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The cloning of cannabinoid CB1 receptors, and the subse-
quent development of potent CB1 agonists and antagonists
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and of transgenic CB1 receptor deficient mice, led in recent
years to the demonstration that these receptors are responsible
for the well known appetite-inducing actions of Cannabis and
D9-tetrahydrocannabinol (D9-THC) and for analogous effects
of the endocannabinoids, anandamide and 2-arachidonoyl-
glycerol (2-AG) (Williams and Kirkham, 1999; Kirkham et al.,
2002). Subsequently, it was suggested that CB1 receptors are
activated after brief food deprivation to regulate the levels of
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orexigenic and anorexic mediators and induce food-intake
(Di Marzo et al., 2001). Accordingly, the levels of endocanna-
binoids in the hypothalamus, a brain region controlling appe-
titive functions, are higher, and subsequently the effects of
pharmacological or genetical impairment of CB1 on the con-
sumption of standard chow stronger, in rodents deprived of
food for several hours vs. ad lib fed animals (Kirkham et al.,
2002; Di Marzo et al., 2001; Colombo et al., 1998). When ad-
ministered systemically or directly injected into the hypothal-
amus, D9-THC or anandamide induce food-intake in satiated
animals (Williams and Kirkham, 1999; Jamshidi and Taylor,
2001). These effects are attenuated by CB1 receptor antago-
nists and confirm a role of CB1 receptors in food intake (Di
Marzo and Matias, 2005; Matias and Di Marzo, 2007, for re-
views). Accordingly, CB1 receptors have been detected not
only in the hypothalamus (Gonzalez et al., 1999) but also in
other brain areas involved in the control of food intake, includ-
ing the nucleus accumbens shell (NAcS) (Robbe et al., 2002),
the termination of the vagus nerve at the level of the nodose
ganglion (Burdyga et al., 2004), and other brainstem areas
controlling satiety and emesis and receiving sensory innerva-
tion from the duodenum (Partosoedarso et al., 2003). Impor-
tantly, endocannabinoid levels increase during food deprivation
not only in the hypothalamus but also in the limbic forebrain,
which contains the NAcS (Kirkham et al., 2002). In the nodose
ganglion, CB1 receptor expression increases during brief star-
vation and decreases following food intake (Burdyga et al.,
2004).

Several mechanisms have been proposed to explain why
hypothalamic endocannabinoid levels increase following
food deprivation and return to basal levels after food consump-
tion. The first study of endocannabinoid level regulation in the
hypothalamus was carried out by Di Marzo et al. (2001) who
showed that, in rats, leptin inhibits endocannabinoid biosyn-
thesis in this brain area but not in the cerebellum, where leptin
receptors are not present. Accordingly, in obese and hypergly-
cemic Zucker rats, where leptin receptors are defective, hypo-
thalamic endocannabinoid levels are permanently elevated
with respect to lean rats. The same applies to db/db mice,
which lack leptin receptors, and ob/ob mice, which do not syn-
thesize leptin, and in which leptin administration brings hypo-
thalamic endocannabinoid levels back to those observed in
lean littermates (Di Marzo et al., 2001). More recently, direct
evidence for the augmented biosynthesis of both anandamide
and 2-AG in the paraventricular nucleus (PVN) of the hypo-
thalamus following stimulation of yet-to-be-characterized plasma
membrane glucocorticoid receptors was provided (Malcher-
Lopes et al., 2006). Interestingly, this effect was shown to
be due to activation of G proteins, production of cAMP and
activation of protein kinase A, and was found to be under the
inhibition of leptin. Indirect evidence that ghrelin might also
act on neurons of the arcuate nucleus (ARC) by elevating endo-
cannabinoid levels was provided by showing that the orexi-
genic effect of this hormone, when it is injected directly into
the hypothalamus, is blocked by a CB1 receptor blocker (Tucci
et al., 2004). A possible mechanism of ghrelin stimulation of
endocannabinoid release is via activation of neuropeptide Y
(NPY) release, since again indirect evidence exists that NPY
also acts via CB1 activation (Poncelet et al., 2003). Since
leptin inhibits NPY release from ARC neurons, this neuro-
peptide might also mediate leptin inhibition of endocannabi-
noid biosynthesis in the hypothalamus. Interestingly, ghrelin
is also capable of counteracting colecystokinin (CCK) inhibi-
tory effect on the elevation of CB1 receptor expression that fol-
lows food deprivation in the nodose ganglion (Burdyga et al.,
2006).

Two fundamental signals inhibiting food intake and con-
trolling metabolism that have shown to act in the hypothal-
amus are the melanocortins and insulin (Adan and van Dijk,
2006; Schwartz and Porte, 2005). The former neuropeptides
are released from proopiomelanocortin (POMC)- and cocaine
and amphetamine-related transcript (CART)- expressing neu-
rons of the ARC, which are stimulated by leptin. Therefore
it is possible that part of leptin-induced endocannabinoid
down-regulation in the hypothalamus is mediated by mela-
nocortins. Indeed, Verty et al. (2004), based on the observa-
tion that D9-THC-induced food intake was not blocked by
a-melanocyte stimulating hormone (a-MSH), whereas rimo-
nabant attenuated the stimulatory effect on feeding by the
melanocortin receptor-4 (MCR-4) antagonist JKC-363, sug-
gested that CB1 receptors are located downstream from
melanocortin receptors and that tonic inhibition of endocan-
nabinoid signalling by MCR-4 might underlie part of mela-
nocortin inhibition of food intake. On the other hand, Hentges
et al. (2005) recently suggested that it is POMC-expressing
neurons that are modulated by CB1 receptors, and described
two possible mechanisms through which endocannabinoids
might stimulate or inhibit melanocortin release, i.e. via in-
hibition of GABAergic or glutamatergic inputs on these
neurons, respectively. Insulin, on the other hand, acts on
neurons in the mediobasal hypothalamus (MBH) to lower
blood glucose by inhibiting hepatic glucose production
and to reduce food intake (Obici et al., 2002, 2003; Nis-
wender et al., 2003; Pocai et al., 2005; Kim et al., 2006).
Since stimulation of CB1 receptors was recently shown to
increase blood glucose in rats after an oral glucose tolerance
test (Bermudez-Siva et al., 2006), it is possible that the
hypothalamic effects of insulin are also partly mediated by
reduced endocannabinoid signaling. Indeed, recent data
show that, in a model of pancreatic b-cells, insulin does in-
hibit glucose-stimulated endocannabinoid production (Matias
et al., 2006)

In view of the important role in food intake and metabolism
played by melanocortins (Adan and van Dijk, 2006) and insu-
lin (Plum et al., 2006) at the hypothalamic level, and of the
ever increasing evidence that endocannabinoids play a major
regulatory function on food intake via hypothalamic mecha-
nisms, but also on glucose metabolism (Di Marzo and Matias,
2005; Matias and Di Marzo, 2007), we investigated here the
effect of intra-cerebroventricular (i.c.v.) MCR-4 agonists and
antagonists, at doses effecting food intake, and of MBH
infusion with insulin, at a dose affecting hepatic glucose pro-
duction, on the levels of anandamide and 2-AG in the rat
hypothalamus.
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2. Materials and methods

2.1. Experiments with MCR-4 agonists and antagonists

2.1.1. Animals and surgery

Adult male rats of a Wistar strain (Harlan Italy, S. Pietro al Natisone, Italy)

weighing 200e220 g, were individually housed (25 � 40 � 15 cm Makrolon

cages) in climatized colony rooms (21 � 1 �C, 60% humidity) with food

and water continuously available. Half of the rats were housed under a natural

12/12 h light-dark cycle (lights on at 08.00 A.M.) and half of them on a re-

versed 12/12 h light dark cycle (lights on at 08.00 P.M.). Stainless-steel guide

cannulae (23 gauge) (Plastic Products, Roanoke, VA, USA) were stereotaxi-

cally implanted into the right lateral ventricle, to a depth of 0.5 mm above

the ventricle (measured in mm from bregma: AP ¼ � 0.8; L ¼ 1.4; V ¼ 3.25)

(Paxinos and Watson, 1986), under ketamine plus xylazine anesthesia

(115 þ 2 mg/kg i.p.; Farmaceutici Gellini, Aprilia, Italy and Bayer, Milano,

Italy, respectively), and fixed to the skull with screws and dental acrylic. A

removable plug, which extended 0.5 mm below the tip of the guide cannula,

was kept in place except during drug injections.

2.1.2. Drugs and treatments
a-MSH and HS014 were purchased by Sigma, Milano, Italy. The peptides

were dissolved in saline and injected into the brain lateral ventricle (i.c.v.) at

the doses indicated below, in a volume of 5 ml, at the rate of 1 ml/20 s, via an

i.c.v. internal cannula (which extended 0.5 mm below the tip of the implanted

guide cannula) connected by polyethylene tubing to a 10 ml Hamilton syringe

driven by a micrometric screw.

2.1.3. Procedure

The experiments took place, one week after surgery, in the home cage of

the rat starting at 08.00 A.M. a-MSH (1 mg/ml) was injected at the dose of

5 mg/rat i.c.v. to rats housed under the reversed light-dark cycle, while

HS014 was injected at the dose of 1 mg/rat i.c.v. to rats housed under the nat-

ural light-dark cycle. These doses were the most effective in preliminary ex-

periments. Food (normal chow) was removed and pre-weighed food pellets

were provided to rats. Two, 6 and 10 h after treatment, food pellets were re-

weighed taking care of spillage. The usual food was used also during the

test sessions. At these same time points 4 out of the 12 rats used for each treat-

ment group in food intake assays were sacrificed by rapid decapitation, the

brains immediately removed and dissected and the hypothalamus frozen and

kept at �80 �C until analysis.

2.2. Experiments with insulin

We studied 20 ten-week-old male SpragueeDawley rats (Charles River

Laboratories), housed in individual cages and subjected to a standard light-

dark (7:00 ame7:00 pm) cycle. The animals were fed standard chow diet (cat-

alog no. 5001; Purina Mills Inc.). Two weeks prior to the in vivo studies, rats

underwent stereotaxic surgery to indwell bilateral catheters into the MBH

(Pocai et al., 2005). Rats fasted overnight were infused with 4 uU insulin in

the MBH (2 ml per side over 120 min) or vehicle (artificial cerebrospinal fluid,

Harvard Apparatus). At the end of the studies, rats were anesthetized, the ab-

domen was quickly opened, portal vein blood was obtained, and the hypotha-

lamic mediobasal wedge (Lam et al., 2005) was dissected (see below) and

frozen in situ in liquid nitrogen. The time from the injection of the anesthetic

until freeze of the tissues was less than 60 s. The wedges were stored at

�80 �C for subsequent measurements of endocannabinoids levels. The study

protocol was reviewed and approved by the Institutional Animal Care and

Use Committee of the Albert Einstein College of Medicine. Four animals

were used for each group of treatments.

2.3. Extraction, purification and quantification of
endocannabinoids

Brains were removed and tissues immediately dissected. In experiments

with a-MSH and HS014, the hypothalamic nuclei present in the region with
the following coordinates were included: AP, from �1.30 to �4.52; L, from

0.40 to 1.90; V, from 9.6 to 10.4 (Paxinos and Watson, 1986), with the excep-

tion of the retrochiasmatic area. The tissue was frozen in liquid nitrogen until

quantitative determination of endocannabinoids. In the experiments with insu-

lin, mediobasal hypothalamus wedges (including the entire mediolateral and

dorsoventral extent of the arcuate nuclei, while minimizing ventromedial nu-

cleus tissue) were instead analyzed. The extraction, purification and quantifi-

cation of anandamide and 2-AG from tissues required several biochemical

steps as described previously (Bisogno et al., 1997). First, hypothalami were

dounce-homogenized and extracted with chloroform/methanol/TriseHCl

50 mM pH 7.5 (2:1:1, v/v) containing internal standards ([2H]8 anandamide,

[2H]5 2-AG, [2H]4 oleoyethanolamide and [2H]4 palmitoylethanolamide,

100 pmol each). The lipid-containing organic phase was dried down, weighed

and pre-purified by open bed chromatography on silica gel. Fractions were ob-

tained by eluting the column with 9:1 chloroform/methanol. After lipid extrac-

tion and separation, the pre-purified lipids were then analyzed by liquid

chromatography-atmospheric pressure chemical ionization-mass spectrometry

(LC-APCI-MS) by using a Shimadzu HPLC apparatus (LC-10ADVP) coupled

to a Shimadzu (LCMS-2010) quadrupole MS via a Shimadzu APCI interface,

as previously described (Di Marzo et al., 2001). The amounts of hypothalamic

endocannabinoids, quantified by isotope dilution with the above-mentioned

deuterated standards, are expressed as pmols or nmols per gram of wet tissue.

All results were expressed as mean � SEM.

2.4. Statistical analyses

Means of the quantitative data on endocannabinoid levels were compared

by one-way analysis of variance (ANOVA) followed by the Bonferroni post-

hoc test. Data from food intake experiments were analyzed in a non-cumula-

tive manner using a one way ANOVA for each time point separately from the

others.

2.5. Reasons for the use of different rat strains for studies with
MCR-4 agonists/antagonists and insulin

The two studies were carried out in two different laboratories and using rat

strains previously shown to be the most suitable to investigate the effects of

MCR-4 agonists/antagonists and insulin infusion, respectively. Slight differ-

ences in the basal (or control/vehicle) levels of the endocannabinoids between

the insulin and melanocortin receptor studies were observed, and this might

also be due to the fact that in the insulin experiments only the MBH was

analysed. Previous pilot studies carried out in our laboratories have shown

that the effects of MCR-4 agonists/antagonists on food intake and of insulin

infusion on blood glucose levels are not dependent on the rat strain used.

2.6. Animal ethics

Experimental procedures were carried out in accordance to the guidelines

of the European Community, local laws and policies (D.L.vo 116/92).

3. Results

3.1. Effect of MCR-4 agonists and antagonists on food
intake and hypothalamic endocannabinoid levels

As shown in Table 1, and as expected from previous stud-
ies, i.c.v. injection of the natural agonist of MCR-4, a-MSH,
caused a strong reduction of food intake only after 2 h from
administration. By contrast, the MCR-4 antagonist HS014
caused a significant stimulation of food-intake both 2 and
6 h after injection, whereas its effect was no longer observable
at 10 h. Importantly, the food-intake inhibitory action of a-
MSH was not accompanied by any change in anandamide
and 2-AG levels, nor in the levels of the anandamide congener
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with anorectic properties, oleoylethanolamide (Table 2). By
contrast, HS014 did cause a significant elevation of the levels
of all compounds measured 6 h from its administration (2-AG,
from 3.1 � 0.2 to 4.1 � 0.1 nmol/g, P < 0.05; AEA, from
52.0 � 4.0 to 76.1 � 4.1 pmol/g, P < 0.05; oleoylethanola-
mide, from 70.2 � 15.0 to 120.1 � 5.2 pmol/g, P < 0.05; pal-
mitoylethanolamide, from 538.0 � 18.2 to 670.2 � 34.2,
P < 0.05), whereas at 2 h it caused a small albeit significant
decrease of only 2-AG levels (from 5.1 � 0.1 to 4.1 �
0.3 nmol/g, P < 0.05) (Fig. 1). No changes, except for a decrease
of palmitoylethanolamide from 696.3 � 32.2 to 580.1 �
8.1 pmol/g, P < 0.05, were observed 10 h from administration
of HS014. Hypothalamic levels of anandamide, oleoylethano-
lamide and 2-AG changed over the 10 h of the experiments, or
when comparing animals housed in normal or inverted light/
dark cycle, as observed in previous studies (Valenti et al.,
2004; Murillo-Rodriguez et al., 2006).

3.2. Effect of insulin on hepatic glucose production and
MBH endocannabinoid levels

Under the infusion protocol used, intra-MBH insulin lowers
plasma glucose levels via a strong inhibitory effect on hepatic
glucose production that is mediated by MBH insulin receptors
(Pocai et al., 2005). Over the 2 h of infusion, and prior to an-
imal sacrifice, blood glucose levels dropped from 151 � 3 to
127 � 5 mg/dl (P < 0.01). However, as shown in Table 3, no

Table 1

Effect of i.c.v. injection of a-MSH and of the MCR-4 antagonist HS014 on

food intake in rats. a-MSH was injected at the dose of 5 mg/rat i.c.v. to rats

housed under the reversed light-dark cycle, while HS014 was injected at the

dose of 1 mg/rat i.c.v. to rats housed under the natural light-dark cycle

Treatment Food intake

(g) 2 h

Food intake

(g) 6 h

Food intake

(g) 10 h

Vehicle (inverted cycle) 3.34 � 0.33 10.75 � 0.56 15.93 � 2.41

a-MSH (inverted cycle) 1.82 � 0.35 * 9.31 � 0.72 13.13 � 1.3

Vehicle (direct cycle) 0.85 � 0.23 1.55 � 0.49 5.76 � 0.73

HS014 (direct cycle) 2.94 � 0.42 ** 5.15 � 0.78 * 7.15 � 2

These doses and conditions were the most effective in preliminary experi-

ments. Food was removed and pre-weighed food pellets were provided to

rats. Two, 6 and 10 h after treatment, food pellets were reweighed taking

care of spillage. Data are means � SEM of n ¼ 12 animals. *, P < 0.05;

**, P < 0.01 vs. the corresponding vehicle group (saline).
differences in MBH endocannabinoid, oleoylethanolamide
and palmitoylethanolamide levels were found between rats
infused with insulin or vehicle.

4. Discussion

Endocannabinoid levels in the hypothalamus are under the
control of several hormones and neuropeptides. In this study,
we have investigated for the first time the effect on hypotha-
lamic endocannabinoid levels of MBH infusion of insulin,
and of agents, given i.c.v., which modify the activity of central
melanocortin MCR-4 receptors. Our data indicate that neither
insulin, under dosing and administration conditions leading to
inhibition of hepatic glucose release, nor the melanocortin a-
MSH, under dosing and administration conditions leading to
inhibition of food intake, reduce the levels of the endocanna-
binoids, thus allowing to speculate that direct inhibition of hy-
pothalamic CB1 receptor tone does not mediate the effects of
these two peptides. Our findings appear to rule out the previ-
ous hypothesis that tonic inhibition of endocannabinoid sig-
nalling by MCR-4 underlies part of melanocortin inhibition
of food intake (Verty et al., 2004). Surprisingly, the MCR-4
antagonist HS014 decreased 2-AG levels 2 h after administra-
tion, i.e. when it also maximally stimulated food-intake. This
effect, however, rather than representing a direct action of
MCR-4 blockade, is more likely to be due to the previously
reported inhibitory action of food intake on hypothalamic
endocannabinoid levels (Kirkham et al., 2002), an action pos-
sibly mediated by the increase of leptin (which inhibits endo-
cannabinoid biosynthesis) and the decrease of corticosterone
and ghrelin/NPY levels (which have been suggested to stimu-
late endocannabinoid biosynthesis) that are subsequent to food
intake. Interestingly, we did observe the expected elevation of
endocannabinoid levels following blockade of MCR-4 recep-
tors by HS014, but only 6 h after the administration of this
compound. In view of the lack of effect of a-MSH, this finding
suggests that down-stream CB1-mediated mechanisms indi-
rectly dis-inhibited by MCR-4 blockade might intervene to
reinforce the stimulatory action of this compound on food con-
sumption. Such a possibility would also explain why the appe-
tite stimulatory effect of another MCR-4 antagonist, JKC-363,
was previously shown to be attenuated by CB1 receptor block-
ade (Verty et al., 2004). Indeed, whereas our findings with
Table 2

Effect of i.c.v. injection of a-MSH on the hypothalamic levels of 2-arachidonoylglycerol (2-AG), anandamide (AEA), oleoylethanolamide (OEA) and palmitoy-

lethanolamide (PEA) in rats

Time after injection Treatment 2-AG (nmol/g) AEA (pmol/g) OEA (pmol/g) PEA (pmol/g)

2 h Veh 4.6 � 0.1x 74.0 � 10.0x 125 � 10 713 � 78

a-MSH 4.6 � 0.5 66.0 � 4.0 130 � 5 656 � 30

6 h Veh 4.3 � 0.7 40.0 � 6.0# 110 � 20 650 � 14

a-MSH 4.3 � 0.6 55.0 � 6.0 115 � 5 678 � 48

10 h Veh 3.1 � 0.2# 66.0 � 8.0* 80 � 5# 500 � 48#,*

a-MSH 3.7 � 0.2 68.0 � 8.0 100 � 5 526 � 4

a-MSH was injected at the dose of 5 ml/rat i.c.v. to rats housed under inverted light-dark cycle, and endocannabinoids measured. xSignificantly lower and higher

(P < 0.05) vs. corresponding 2 h value in normal (direct) light-dark cycle (see Fig. 1), for 2-AG and AEA, respectively. #, P < 0.05 vs. corresponding 2 h value in

the same light-dark cycle; *, P < 0.05 vs. corresponding 6 h value in the same light-dark cycle. Data are means � SEM of n ¼ 4 animals.
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a-MSH seem to rule out a direct action of MCR-4 on endocan-
nabinoid biosynthesis, recent findings suggest that tonically
and continuously released endocannabinoids from POMC
neurons in the ARC activate CB1 receptors on pre-synaptic
GABAergic neurons, thereby dis-inhibiting the release of
melanocortins (Hentges et al., 2005). This latter phenomenon
would not agree with the general orexigenic role of the
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Fig. 1. Effect of i.c.v. injection of HS014 on the hypothalamic levels of 2-

arachidonoylglycerol (2-AG), anandamide (AEA), oleoylethanolamide

(OEA) and palmitoylethanolamide (PEA) in rats. HS014 was injected at the

dose of 1 ml/rat i.c.v. to rats housed under the normal light-dark cycle, and en-

docannabinoids measured in hypothalami dissected 2 (A), 6 (B) and 10 (C)

hours after injection. Data are means � SEM of n ¼ 4 animals. *, P < 0.05

vs. vehicle (saline).
endocannabinoids. However, it was also observed by the
same authors that exogenous cannabinoids, again via CB1 re-
ceptors, inhibit glutamatergic signaling onto the same POMC
neurons, with subsequent decrease of melanocortin release, in
accordance with the orexigenic effects of D9-THC (Hentges
et al., 2005). It is possible that during food deprivation, or
after several hours from MCR-4 blockade, i.e. when the
hypothalamic levels of the endocannabinoids are significantly
increased, this latter CB1- and glutamate-mediated effect pre-
vails on the former CB1- and GABA-mediated action, thereby
decreasing melanocortin release. If this was to be the case, the
elevation of endocannabinoid levels found here six hours after
HS014 administration, apart from contributing to food stimu-
lation, might also represent a feed-back mechanisms pre-
venting melanocortin release in the presence of melanocortin
receptor blockade. Finally, the possibility that HS014, the
MCR-4 antagonist used here, acts also on other targets to af-
fect endocannabinoid levels cannot be entirely ruled out, since
this compound, although very selective for MCR-4 over other
melanocortin receptor subtypes (Schioth et al., 1998), to the
best of our knowledge has not been tested in MCR-4 null
mice.

The hypothalamic levels of anandamide and 2-AG in Wis-
tar rats at 10 A.M. appeared to change depending on whether
the animals had been kept on a natural (lights on at 8 A.M., as
with the experiments with HS014) or inverted (lights on at 8
P.M., as with the experiments with a-MSH) light cycle, and
they also changed with the passing hours. In the experiments
with rats on a natural light cycle (Fig. 1), the two compounds
underwent opposing changes, the levels of anandamide usually
increasing, and those of 2-AG decreasing, when passing from
the light to the dark phase. This finding is in agreement with
previous findings in the hippocampus, nucleus accumbens,
striatum and cortex of the rat (Valenti et al., 2004). Likewise,
anandamide levels in ‘‘natural light cycle’’ rats at 10 A.M.
were lower, and those of 2-AG higher, than the corresponding
levels in ‘‘inverted light cycle’’ rats at 10 A.M. (i.e. in rats for
which 10 A.M. represents the dark phase). Interestingly, in rats
kept on an inverted light cycle (Table 2), anandamide and 2-
AG changed in a way opposite to that observed in rats kept
on a natural light cycle. In some cases, the extent of these di-
urnal changes was similar to that induced by HS014 at a certain
time point and under a normal light-dark cycle, thus underly-
ing their suggested possible relevance to daily variations in
eating behaviours (Murillo-Rodriguez et al., 2006). However,
although it is possible that diurnal fluctuations in the

Table 3

Effect of infusion of insulin in the mediobasal hypothalamus (MBH) on the

MBH levels of 2-arachidonoylglycerol (2-AG), anandamide (AEA), oleoyle-

thanolamide (OEA) and palmitoylethanolamide (PEA) in rats

2-AG (nmol/g) AEA (pmol/g) OEA (pmol/g) PEA (pmol/g)

Vehicle 4.9 � 0.3 59.6 � 7.6 124.0 � 12.5 450.6 � 42.4

Insulin 4.9 � 0.1 66.0 � 12.2 135.5 � 17.5 479.0 � 30.9

Rats fasted O/N were infused with 4 uU insulin in the MBH (2 ml per side over

120 min) or vehicle (artificial cerebrospinal fluid, Harvard Apparatus). Data

are means � SEM of n ¼ 4 animals.
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hypothalamic levels of endocannabinoids are indeed related
with the role of these compounds in food intake, and hence
they also adapt to dramatic changes in the light-dark cycle,
it is not clear exactly how these variations occur.

Our findings do not seem to extend to the MBH the previ-
ous observation in b-insulinoma cells of a negative control of
insulin on endocannabinoid levels (Matias et al., 2006). How-
ever, the lack of effect on endocannabinoid levels of insulin di-
rectly infused in the MBH can be explained also in ways other
than by simply assuming the lack of capability of insulin re-
ceptors to modulate endocannabinoid biosynthesis or degrada-
tion in this brain area. MBH infusion of higher doses of insulin
than those used here to inhibit hepatic glucose production,
also inhibits food intake, and it is possible that insulin
influences endocannabinoid levels only under conditions in
which it reduces appetite. Indeed, apart from the observation
that stimulation of CB1 receptors is coupled to elevation of
blood glucose in rats (Bermudez-Siva et al., 2006), no evi-
dence exists that inhibition of this signalling system might
underlie the central effects of insulin on hepatic glucose
output.

In the present study we also measured the levels of two can-
nabinoid receptor-inactive congeners of anandamide, oleoyle-
thanolamide and palmitoylethanolamide, which have been
described to bind to peroxisome proliferator-activated recep-
tor-a (PPAR-a) and to cause, particularly in the case of the
former compound, an anorectic effect (Lo Verme et al.,
2005). Interestingly, in HS014-treated rats at 6 h from treat-
ment, the levels of the two compounds underwent changes
similar to those of anandamide, i.e. they significantly in-
creased, thus underlining the previous observation that these
two compounds might be produced and degraded using the
same biosynthetic and hydrolytic enzymes, respectively, as
the endocannabinoid. In view of the recently hypothesized
role of brain PPAR-a in the control of adipocyte glucose uptake
and size (Knauf et al., 2006), the finding of an increase of the
levels of oleoylethanolamide and palmitoylethanolamide in the
hypothalamus following HS014 administration might be seen
as an adaptive response aimed at counteracting the peripheral
consequences of the food-intake stimulatory effect of the
MCR-4 antagonist. However, we do not have a good explana-
tion for the slight decrease of palmitoylethanolamide levels
observed 10 h after HS014 administration.

One limitation of our study with a-MSH and HS014 is that
we could not analyze endocannabinoid, oleoylethanolamide
and palmitoylethanolamide levels in populations of neurons
releasing selectively one or more neuropeptides. Such analyses
would have provided important information on the type of
function affected by HS014-induced changes in endocannabi-
noid tone, and might have unmasked changes in endocannabi-
noids levels that could not be seen when analyzing the whole
hypothalamus. Unfortunately, the mass spectrometric quantita-
tive technique used in this as well in other similar studies to
measure endocannabinoid levels in tissue, although affording
a confident identification of these compounds, requires no
less than 5 mg of wet tissue and cannot be applied to the anal-
ysis of very small brain nuclei. More sensitive methods for the
quantification of endocannabinoids need to be developed in
order to perform such studies.

In conclusion, we have found here no evidence suggesting
a direct inhibitory effect of hypothalamic insulin and of MCR-
4 receptor stimulation on MBH and hypothalamic endocanna-
binoid levels, respectively. Further studies will have to address
the possibility that higher doses of insulin affect hypothalamic
endocannabinoid levels. Our data with the MCR-4 receptor an-
tagonist confirm an important role for endocannabinoids in
sustaining prolonged food intake also in otherwise satiated an-
imals, and call for further investigations on the possible indi-
rect mechanisms involved in the long-term effect of MCR-4
blockade on endocannabinoid biosynthesis.
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