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BACKGROUND AND PURPOSE
Endocannabinoid systems are strongly implicated in the physiological control of appetite and eating behaviour, with
cannabinoid CB1 receptor agonists and antagonists, respectively, increasing or decreasing food intake. This study examined
the acute actions of the putative endocannabinoid noladin ether on food intake and eating motivation, assessing how it
affects the amount of work expended by animals to obtain food.

EXPERIMENTAL APPROACH
Non-deprived male rats were injected systemically with noladin ether to assess its acute effects on ad libitum feeding of a
standard laboratory diet. Additionally, the effects of noladin on lever pressing for palatable food were determined using a
progressive ratio (PR) operant paradigm.

KEY RESULTS
Noladin dose dependently increased 2 h food intake, with a significant effect over 1 h after a dose of 0.5 mg·kg-1. In the PR
test, this hyperphagic dose of noladin ether promoted sustained high rates of responding and significantly increased the total
number of lever presses and break-point. These latter effects were prevented by pretreatment with 1.0 mg·kg-1 of the
selective CB1 antagonist surinabant (SR147778), that alone had no effect on responding.

CONCLUSIONS AND IMPLICATIONS
This is the first report of hyperphagia induced by acute noladin administration, and the first description of behavioural actions
in rats. Consistent with prevailing notions about the role of endocannabinoids in appetite, a hyperphagic dose of noladin
markedly increased efforts expended by animals to obtain food. Thus, noladin exerts a specific action on eating motivation;
possibly promoting eating by increasing the incentive value of food.

Abbreviations
2-AG, 2-arachidonoylglycerol; FAAH, fatty acid amide hydrolase; PR, progressive ratio; THC, D9-tetrahydrocannabinol

Introduction
Since the discovery of the endocannabinoid-cannabinoid
receptor system, there has been much interest in its role in
behavioural and motivational processes. In particular, there is
substantial evidence for involvement of the endocannab-

inoids in the control of appetite and eating (see Kirkham and
Williams, 2004; Di Marzo and Matias, 2005; Fride et al., 2005;
Kirkham, 2005; 2009; Mechoulam et al., 2006; Kirkham and
Rogers, 2010). Thus, in animal models, both exogenous and
endogenous cannabinoid CB1 receptor agonists have been
shown to induce hyperphagia (Williams et al., 1998; Williams
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and Kirkham, 1999; 2002a; Jamshidi and Taylor, 2001;
Kirkham et al., 2002; Verty et al., 2005; Soria-Gómez et al.,
2007; receptor nomenclature follows Alexander et al., 2011).
By contrast, CB1 antagonists can exert an anorectic action,
suppressing food intake and reducing body weight (Arnone
et al., 1997; Colombo et al., 1998; Simiand et al., 1998;
Rinaldi-Carmona et al., 2004). In addition, it is well estab-
lished that intoxication with Cannabis sativa or its extracts
promotes food craving and hyperphagia in humans (Kirkham
and Williams, 2001a,b).

A variety of data indicate that stimulation of CB1 recep-
tors specifically promotes food seeking or appetitive compo-
nents of feeding motivation. For example, the latency to eat
of spontaneously feeding animals is reduced by administra-
tion of both exogenous and endogenous cannabinoid recep-
tor agonists; even well-satiated animals will quickly resume
eating after agonist treatment (Williams and Kirkham, 2002b;
Farrimond et al., 2010). Additionally, rats have been shown to
work harder to obtain food or fluids after administration of
CB1 receptor agonists. In an early demonstration of this
action, Gallate and colleagues employed a progressive ratio
(PR) paradigm to explore cannabinoid effects on responding
for beer or sucrose solutions (Gallate et al., 1999). In the PR
procedure, a progressively increasing number of responses
must be made for each successive allocation of ingesta
(Hodos, 1961). Gallate et al. (1999) found that break-point,
the response requirement at which responding ceases (as
defined by a fixed criterion), was dose-dependently increased
by a synthetic cannabinoid, CP 55,940. This increased
motivation to respond for ingesta was reversed by the selec-
tive cannabinoid CB1 receptor antagonist rimonabant
(SR141716); while in a separate study, the antagonist alone
reliably suppressed responding and reduced break-point
(Gallate and McGregor, 1999). These effects on PR have also
been replicated in animals lever pressing for food, with
D9-tetrahydrocannabinol (THC) and rimonabant reported to
respectively increase or reduce break-points (Higgs et al.,
2005; Solinas and Goldberg, 2005). Further, CB1 receptor -/-

mice have reduced sensitivity to the motivating properties of
food, exhibiting reduced rates of responding for food and
lower break points than wild-type mice (Sanchis-Segura et al.,
2004).

In comparison to the large database on the effects of CB1

receptor antagonists on food intake and body weight, there is
little detailed information on the consequences of endocan-
nabinoid treatments on eating motivation. Current knowl-
edge is primarily derived from a few reports on the actions of
the prototypical endogenous CB1 receptor ligands, ananda-
mide and 2-arachidonoylglycerol (2-AG) (Williams and
Kirkham, 1999; Hao et al., 2000; Kirkham et al., 2002; Mahler
et al., 2007; Soria-Gómez et al., 2007; Di Patrizio and Siman-
sky, 2008). Unfortunately, studies of endocannabinoid effects
on appetite have been largely confined to simple food intake
measures. However, confirming the motivational actions of
THC and CP 55,940, one study has shown that systemically
administered 2-AG can increase the rate of responding and
break-point in gestationally undernourished rats responding
for sucrose pellets (Wakley and Rasmussen, 2009). Addition-
ally, Touriño et al. (2010) have reported that mice deficient in
fatty acid amide hydrolase (FAAH-/-), the principal degrading
enzyme for anandamide, display elevated levels of respond-

ing for food under PR schedules compared with wild-type
littermates. That these knockout mice have elevated levels of
anandamide further supports the involvement of the
endocannabinoid system in the motivation to eat.

Of the putative endocannabinoids, noladin ether
(2-arachidonylglyceryl ether) is of particular interest (Hanus
et al., 2001). Although debate continues as to whether
noladin ether is a naturally occurring endogenous neuronal
mediator in mammalian nervous systems (Fezza et al., 2002;
Oka et al., 2003; Richardson et al., 2007; Páldyová et al.,
2008), it is a metabolically stable agonist of CB1 receptors
(Steffens et al., 2005) and so might be expected to affect
appetite. Indeed, the compound has previously been reported
to promote food intake with sub-chronic, low-dose, systemic
administration in food-restricted mice (Avraham et al., 2005).
However, so far, no more direct observations of the actions of
noladin ether on feeding, or on appetite-related motivational
indices, have been reported. Here, we present the first direct
measures of the acute hyperphagic actions of noladin ether in
ad libitum fed rats; report for the first time its stimulation of
appetitive processes as measured using a PR analysis; and
provide evidence to support the mediation of these actions by
cannabinoid CB1 receptors.

Methods

Animals
All animal care and experimental procedures adhered to the
guidelines of the United Kingdom Animals (Scientific Proce-
dures) Act, 1986. Adult, male Lister Hooded rats (Harlan,
Kent, UK), weighing approximately 250–300 g at the begin-
ning of the experiments, were used throughout. Animals
were individually housed and maintained at a temperature of
21 � 2°C and 60 � 5% humidity, under a 12:12 h light-dark
cycle (lights on at 08:00), with all behavioural testing com-
mencing from 1 h after lights on. All animals had ad libitum
access to pelleted food (C.R.M., Special Diet Services,
Witham, Essex, UK) and water at all times, unless otherwise
stated.

Apparatus
PR testing was conducted in sound-proofed operant cham-
bers controlled by MedPC software (Med Associates Inc., St
Albans, VT), each of which had a grid floor, house light, two
response levers (both active), a trough into which food pellets
were delivered and a delivery light which was illuminated to
indicate when food was available.

Experimental procedure
Experiment 1: Acute effects on short-term food intake of systemic
noladin ether. Treatment with noladin ether began after
habituation to handling and test procedures over 4 successive
days. Animals (n = 10) were tested following injection of
vehicle or noladin ether (0.5, 1.0 and 2.0 mg·kg-1), adminis-
tered according to a counterbalanced schedule, with at least
48 h separating successive treatments. In the absence of any
prior reports of the behavioural actions of noladin ether in
rats, these doses were chosen on a molar basis to match the
active, hyperphagic dose range previously reported for sys-
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temic administration of the related agents anandamide and
2-AG in this species (Williams and Kirkham, 1999; Higgs
et al., 2003; Wakley and Rasmussen, 2009). On test days
animals were injected i.p. at 09:00 and returned to their
home cage for 20 min, during which period, food was with-
held. Animals were then placed in individual test cages, iden-
tical to the home cages, containing a pre-weighed quantity of
food (chow). Food intake was measured after 1 and 2 h, with
appropriate correction for spillage. Intake data for each inter-
val were analysed by one-way ANOVA followed by Dunnett’s
multiple comparisons tests. Additionally, the behaviour of a
single animal was video-recorded under each treatment for
later observational analysis, using a 1 min time sampling
technique, to obtain a preliminary indication of the principal
adjustments to feeding and particularly to detect the occur-
rence of any non-specific effects of the drug.

Experiment 2: Effects of noladin ether and surinabant on PR
responding for food. A separate group of 15 rats were habitu-
ated to handling and injection procedures, as well as to the
interior of the operant chamber, for 4 days. When operant
training began, animals were restricted to 15 g each of chow
overnight for 3 successive days to promote responding. Over
this period, rats learned to respond for food under a fixed-
ratio 1 schedule (FR1), where each lever press produced
immediate delivery of a single, palatable 45 mg banana-
flavoured ‘Formula P’ sucrose pellet (Research Diets Inc., New
Brunswick, NJ). Subsequent to each training session, ad
libitum food access was restored to animals in their home
cages. Training continued for a further 4 days under a FR5
schedule.

Once responding consistently over each session on the
FR5 training schedule, animals were given daily 1 h sessions
under the PR test schedule. The schedule required an increas-
ing number of responses for the delivery of each successive
food pellet. A rapid exponential progression in the response
requirement was determined using the equation 25n +
0.5e(n0.56). Rounded to the nearest integer, this produced the
following response ratios for successive pellet deliveries: 1,
26, 52, 78, 105, 133, 164, 200, 244, 302, 385, 512, 714.
Training on the PR schedule continued until stable baselines
were obtained (i.e. when total responses for each individual
varied by less than �5% over three successive sessions).

Drug testing began using a repeated measures design,
with all animals receiving each treatment according to a
counterbalanced schedule. Animals were injected i.p and
returned to their home cage (with the food removed) for
20 min before being placed in the operant chamber. Each test
session lasted 1 h, with each animal being tested at the same
time on each test day. The treatments were: vehicle-vehicle,
vehicle-noladin, vehicle-surinabant and noladin-surinabant.
At least 48 h separated consecutive treatments. On the inter-
vening days, animals were run again under the PR schedule to
ensure a return to baseline levels of responding.

A single dose of 0.5 mg·kg-1 noladin ether was selected for
testing on the basis of the results of Experiment 1, indicating
that this was an effective hyperphagic dose. Surinabant is a
high affinity, specific CB1 receptor antagonist, with a phar-
macological and behavioural profile that is similar to that of
its structural analogue, rimonabant (Rinaldi-Carmona et al.,
2004; Doggrell, 2005). Surinabant was administered at

1.0 mg·kg-1, chosen on the basis that this dose was previously
reported to be sub-threshold for anorectic effects in rats,
having no significant effect on spontaneous feeding in non-
deprived or fasted animals, nor on consumption of a palat-
able sucrose solution (Rinaldi-Carmona et al., 2004). Higher
doses of the drug have been reported to reliably suppress food
intake after acute administration (Gessa et al., 2005). Addi-
tionally, this dose of surinabant was shown in our own pilot
experiments to be devoid of significant effects on food intake
under the test conditions described for Experiment 1 (doses
of 0.05, 0.1, 0.5 and 1.0 mg·kg-1 failed to exert any reliable
effect on 1 h chow intake; intake ranged between a maximum
of 6.2 � 0.6 g after vehicle and a minimum of 5.0 � 0.5 g
after surinabant; F4,36 = 0.714, NS).

Data for the total number of responses, break-point (last
ratio completed within the 1 h test), etc. were analysed by
one-way ANOVA followed by Dunnett’s multiple comparisons
tests. Treatment and time effects on responding over the
course of the test were assessed by two-way ANOVA.

Materials
Noladin ether (2-[(5Z,8Z,11Z,14Z)-eicosatetraenyloxy]-1,3-
propanediol; Tocris Bioscience, Bristol, UK) and surinabant
(SR147778; [5-(4-bromophenyl)-1-(2,4-dichloro-phenyl)-4-
ethyl-N-(1-piperidinyl)-1H-pyrazole-3-carboxamide]; Sanofi-
Aventis, Montpelier, France) were suspended by sonication in
0.9% saline and injected i.p. in a volume of 1 mL·kg-1.

Results

Acute effects of noladin ether on short-term
food intake
As Figure 1 illustrates, testing during the light phase resulted
in low baseline food intake, evenly distributed across the 2 h
test period. Noladin ether administration produced a dose-
related increase in total 2 h chow intake (F3,27 = 3.679,

Figure 1
Dose-related effects of intraperitoneal injection of noladin ether (0.5,
1.0 and 2.0 mg·kg-1) on food intake in non-deprived rats (n = 10)
tested during the light phase. Data represent chow intake during
hours 1 and 2, and total 2 h consumption (mean � SEM). *P < 0.05,
different from vehicle-vehicle control.
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P = 0.024). This overall increase was predominantly attribut-
able to an elevation of intake during the first hour of testing
(F3,27 = 4.011, P = 0.0175). Both 0.5 and 1.0 mg·kg-1 produced
a greater than twofold increase in chow consumption during
this interval, with the most robust hyperphagia apparent
after administration of 0.5 mg·kg-1 (q = 2.919, P < 0.05).
Although the effect of 1.0 mg·kg-1 noladin during hour 1 was
not statistically significant in this analysis (q = 2.451, NS),
increased food intake was apparent in 7 out of 10 rats (pair-
wise Bonferroni comparison against control: t = 2.45, P <
0.05). No reliable effects on intake were observed during hour
2 (F3,27 = 1.015, NS). The highest 2.0 mg·kg-1 dose had no
reliable effect on intake at either measurement point. The
specimen behavioural analysis indicated that during hour 1
the frequency of observations of exploratory locomotor activ-
ity – the most prevalent category under control conditions,
representing 65% of all observations in this period – was
halved by both 0.5 and 1.0 mg·kg-1 noladin (data not shown).
There was a corresponding small increase in the frequency of
observations of eating at these doses, with the onset of
feeding occurring during the first hour of testing, rather than
in hour 2 as after vehicle. By contrast, after 2.0 mg·kg-1 the
most marked change was an increase in the frequency of
resting/inactivity during hour 1, with this category account-
ing for approximately 23% of all observations, compared
with only 3% in the control condition. On the basis of the
food intake data, the 0.5 mg·kg-1 dose of noladin was selected
for testing in the second experiment.

Noladin ether effects on PR responding
As may be seen from the representation of cumulative
response curves in Figure 2, under control conditions animals
initially responded at a high rate for the palatable food
pellets. Over the course of the 1 h test, and with the acceler-
ating increments in response requirement of the PR schedule,

response rate was gradually curtailed. Noladin ether counter-
acted this typical decline in responding, so that the initial
higher response rates were sustained longer throughout the
test when compared with the control condition (treatment ¥
time interaction, F11,308 = 2.70, P = 0.0025). Significant sepa-
ration between cumulative response curves for control and
noladin ether was evident from approximately 35 min into
the test session (time bin 8; P < 0.05). Consequently, signifi-
cant treatment effects were obtained for total lever presses
(F3,42 = 3.235, P = 0.032), with noladin producing a marked
36% increase over baseline (P < 0.5): total presses (mean �

SEM), vehicle-vehicle = 1112.1 � 145.5; vehicle-noladin =
1514.1 � 221.8; surinabant-vehicle = 1235.0 � 156.0;
surinabant-noladin = 1215.4 � 199.5. More particularly,
noladin ether produced a significant increase in the total
number of responses (q = 2.973, P < 0.05). This effect of
noladin ether was abolished by surinabant pretreatment, so
that in the surinabant-noladin condition the cumulative
response curve was very similar to that in the vehicle-vehicle
control (q = 0.764, NS). Consistent with the sub-anorectic
nature of this dose of surinabant, the drug had no effect on
PR responding when administered alone (q = 0.909, NS).

In line with the above changes, there was a significant
effect of treatment on break-point (F3,42 = 5.409, P = 0.003;
Figure 3). Noladin alone produced a significant elevation of
break-point, increasing the size of the final completed ratio
by some 37%, from a control level of 150 � 13 (mean � SEM)
to 205 � 23 (q = 3.848, P < 0.01). Again, this effect was
prevented by surinabant pretreatment, so that break-point
after the combination was not different from control (q =
1.866, NS); while surinabant alone was without effect (q =
0.933, NS).

Discussion and conclusions

These data represent the first demonstration of dose-related
hyperphagic actions of noladin ether in the rat, and suggest

Figure 2
Effects of a hyperphagic dose of noladin ether (0.5 mg·kg-1, i.p.),
alone or in combination with a sub-anorectic dose of the CB1 recep-
tor antagonist surinabant (1.0 mg·kg-1), on cumulative lever presses
in rats responding for palatable 45 mg food pellets under a progres-
sive ratio schedule. All data are means (�SEM) for 15 rats. *P < 0.05,
different from vehicle-vehicle control.

Figure 3
Systemic noladin ether increases break-point (last ratio completed
under a progressive ratio schedule over 1 h), an effect which is
prevented by surinabant pretreatment. **P < 0.01, different from
vehicle-vehicle control.
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that this substance shares with other CB1 receptor
agonists a propensity to accentuate the appetitive aspects of
eating motivation. Our findings therefore extend previous
motivational analyses that support a significant role of
endocannabinoid systems in the processes that give rise to
appetite for food, promote food seeking and stimulate
consumption.

Although relatively modest compared with the systemic
effects of an exogenous cannabinoid such as THC (Williams
et al., 1998), the overall hyperphagic effect of a low dose of
noladin ether was more marked than the effects previously
reported for systemic (Williams and Kirkham, 1999; Hao
et al., 2000), or even intrahypothalamic administration of
anandamide in rats (Jamshidi and Taylor, 2001). Arguably,
the relatively greater effectiveness of noladin ether in this
study reflects not only its nature as a full agonist at CB1

receptors, but also the greater in vivo stability of ethers com-
pared with esters such as anandamide (Mechoulam et al.,
1998).

It is notable that our effects on feeding were obtained
at higher noladin doses than those reported by Avraham
et al. (2005) to be effective in female mice (0.5 mg·kg-1 here,
compared with 0.001 mg·kg-1 in the mouse experiment).
However, it is difficult to make further comparisons between
the effects of noladin ether in the two studies, because
(in addition to the obvious species and gender differences)
in that original report mice were chronically food restricted
(with only 2.5 h food access per day), received the drug
over several days, and acute effects on feeding in indi-
vidual animals were not reported (daily food intake was
calculated for pair-housed mice, and only total of 9-day
food intake data was reported). The same group has
also reported that a very low dose of anandamide
(0.001 mg·kg-1·day-1) is hyperphagic in the same repeated-
dosing, food-restriction mouse model (Hao et al., 2000), sug-
gesting species differences or a particular sensitivity of that
paradigm to cannabinoid actions. However, the hyperph-
agic actions of systemic noladin ether in the present study
were obtained at doses comparable with those of the related
compounds anandamide and 2-AG previously reported to
be effective at promoting ingestive behaviour in non-
deprived rats after acute, systemic administration (Williams
and Kirkham, 1999; Higgs et al., 2003; Wakley and Rasmus-
sen, 2009).

Although some non-significant elevation of intake was
evident during the second hour of testing, the most marked
effects of noladin ether were apparent during the first hour.
This early hyperphagic effect is consistent with previous data
indicating that CB1 receptor agonists tend to promote an
earlier than normal onset of eating (Williams and Kirkham,
2002b; Farrimond et al., 2010). Importantly, the data from
the second experiment also consolidate previous findings
indicating that CB1 receptor agonists can directly increase the
motivation to work to obtain food (Gallate and McGregor,
1999; Gallate et al., 1999; Higgs et al., 2005; Solinas and Gold-
berg, 2005; Wakley and Rasmussen, 2009). In line with those
reports, in our animals, lever pressing for sweet food pellets
under a PR schedule, a hyperphagic dose of noladin ether
reliably increased break-point, total number of lever presses,
and maintained longer the higher initial rates of responding
observed under control conditions. Mediation of these effects

by cannabinoid CB1 receptors was supported by their aboli-
tion by pretreatment with a sub-anorectic dose of the selec-
tive CB1 receptor antagonist surinabant which had no effect
on responding when administered alone (Rinaldi-Carmona
et al., 2004).

It is possible that increased rates and persistence of
PR responding in noladin-treated rats might have reflected
some non-specific stimulatory action of the drug. However,
our limited behavioural observations in Experiment 1 indi-
cate this to be unlikely, because the most obvious non-
feeding effect of the drug was a tendency for reduced
locomotor activity and, particularly at the highest dose,
an increase in resting/inactivity. Indeed, locomotor depres-
sion has been reported to occur in mice at higher sys-
temic doses of noladin ether (Hayase et al., 2005) and may
be a possible factor in our failure to detect increased food
intake at the highest dose in Experiment 1. It is also note-
worthy that all of the food pellets that rats obtained in each
condition were consumed, suggesting that increased moti-
vation to eat, rather than non-specific, stereotypic lever
pressing, underlies the observed hyperphagic effects of
noladin ether.

Overall, the effects described here are consistent with
noladin ether, like other CB1 receptor agonists, acting to
amplify appetitive aspects of eating motivation – or wanting.
That the drug caused lever pressing to be more enduring may
indicate an action to enhance the incentive value of food,
possibly reflecting the normal role of the endocannabinoids
in energizing and guiding behaviour in response to physi-
ological factors, such as hunger arising from changing ener-
getic status. Indeed, it is noteworthy that fasting – which is
associated with elevated brain anandamide and 2-AG levels
in rats (Kirkham et al., 2002) – will produce similar changes in
PR responding to those induced by noladin ether (Solinas and
Goldberg, 2005). There are also data to indicate that cannab-
inoids can accentuate food palatability, or liking (Higgs et al.,
2003; Jarrett et al., 2005; Mahler et al., 2007). An additional
action of noladin ether to enhance the hedonic evaluation of
food could therefore also contribute to the increased incen-
tive salience of food and the persistence of high rates of
responding seen here. Further experiments are required to
explore the involvement of cannabinoid-mediated processes
in these separate motivational components, and to charac-
terize more precisely the behavioural adjustments induced by
noladin ether.

To conclude, this is the first report of the ability of
noladin ether to promote hyperphagia in rats, and the first
demonstration of its capacity to specifically enhance the
motivational effects of food as measured using a PR paradigm.
These data thus provide important supporting evidence for a
physiological role of the endocannabinoids in the control of
appetite for food, and suggest that noladin ether may be a
useful tool for the further investigation of the underlying
neural mechanisms.
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