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Systemic urocortin 2,
but not urocortin 1 or
stressin1-A, suppresses
feeding via CRF2 receptors
without malaise and stress
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BACKGROUND AND PURPOSE
Infusion of corticotropin-releasing factor (CRF)/urocortin (Ucn) family peptides suppresses feeding in mice. We examined
whether rats show peripheral CRF/Ucn-induced anorexia and determined its behavioural and pharmacological bases.

EXPERIMENTAL APPROACH
Male Wistar rats (n = 5–12 per group) were administered (i.p.) CRF receptor agonists with different subtype affinities. Food
intake, formation of conditioned taste aversion and corticosterone levels were assessed. In addition, Ucn 1- and Ucn
2-induced anorexia was studied in fasted CRF2 knockout (n = 11) and wild-type (n = 13) mice.

KEY RESULTS
Ucn 1, non-selective CRF receptor agonist, reduced food intake most potently (~0.32 nmol·kg-1) and efficaciously (up to 70%
reduction) in fasted and fed rats. The peptides’ rank-order of anorexic potency was Ucn 1 � Ucn 2 > >stressin1-A > Ucn 3,
and efficacy, Ucn 1 > stressin1-A > Ucn 2 = Ucn 3. Ucn 1 reduced meal frequency and size, facilitated feeding bout
termination and slowed eating rate. Stressin1-A (CRF1 agonist) reduced meal size; Ucn 2 (CRF2 agonist) reduced meal
frequency. Stressin1-A and Ucn 1, but not Ucn 2, produced a conditioned taste aversion, reduced feeding efficiency and
weight regain and elicited diarrhoea. Ucn 1, but not Ucn 2, also increased corticosterone levels. Ucn 1 and Ucn 2 reduced
feeding in wild-type, but not CRF2 knockout, mice.

CONCLUSIONS AND IMPLICATIONS
CRF1 agonists, Ucn 1 and stressin1-A, reduced feeding and induced interoceptive stress, whereas Ucn 2 potently suppressed
feeding via a CRF2-dependent mechanism without eliciting malaise. Consistent with their pharmacological differences,
peripheral urocortins have diverse effects on appetite.

Abbreviations
CORT, corticosterone; CRF, corticotropin-releasing factor; CRF1, CRF type 1 receptor; CRF2, CRF type 2 receptor; CTA,
conditioned taste aversion; LSD, Fisher’s protected least significant difference; Ucn, urocortin
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Introduction
Since the isolation of corticotropin-releasing factor (CRF) in
1981 (Vale et al., 1981), several other mammalian CRF-like
peptides with potential roles in energy homeostasis have
been identified, including urocortins 1, 2 and 3 (Ucn 1, Ucn
2 and Ucn 3). Two mammalian genes encode class B
G-protein-coupled CRF receptors (CRF1 and CRF2) (Hsu and
Hsueh, 2001; Lewis et al., 2001; Reyes et al., 2001) that are
targets of CRF and related peptides. Ucn 1 (Vaughan et al.,
1995) can potently activate both CRF receptor subtypes. In
contrast, Ucn 2 and Ucn 3 are 100- to 1000-fold selective as
agonists of CRF2 receptors, respectively (Lewis et al., 2001;
Reyes et al., 2001).

The anorexic effects of central administration of CRF
receptor agonists are recognized and widely studied (Spina
et al. 1996, Cullen et al. 2001, Inoue et al. 2003, Ohata and
Shibasaki 2004, Pelleymounter et al. 2004, Zorrilla et al. 2004,
de Groote et al. 2005, Cottone et al. 2007, Fekete et al. 2007;
reviewed in Fekete and Zorrilla, 2007). For example, i.c.v.
administration of Ucn 1 (Spina et al., 1996), Ucn 2 (Inoue
et al., 2003) and Ucn 3 (Fekete et al., 2007) reduced food
intake in fasted rats without producing malaise. However,
much less is known about the effects of peripheral adminis-
tration of urocortins on ingestion. In addition to brain sites
(Fekete and Zorrilla, 2007), urocortins are present in several
peripheral tissues relevant to energy homeostasis, including
the gastrointestinal tract, where they are expressed in the
stomach (Kozicz and Arimura, 2002; Chen et al., 2004), intes-
tine (Harada et al., 1999; Lewis et al., 2001; Saruta et al., 2004;
2005; Yamauchi et al., 2005), muscularis mucosa layer (Hsu
and Hsueh, 2001; Saruta et al., 2005) and enteric nervous
system (Bittencourt et al., 1999; Harada et al., 1999). Urocort-
ins are also present in endocrine tissue [such as the adrenals
(Fukuda et al., 2005; Yamauchi et al., 2005), anterior pituitary
(Iino et al., 1997; Yamauchi et al., 2005) and pancreatic b-cells
(Li et al., 2003)], adipose tissue (Seres et al., 2004) and skeletal
muscle (Chen et al., 2004). CRF receptors are correspondingly
expressed in these tissues (De Souza, 1995; Van Pett et al.,
2000).

Systemic infusion of CRF family peptides, including the
urocortins, suppresses feeding in mice (Hsu and Hsueh, 2001;
Wang et al., 2001) but has not been widely studied in other
species. The behavioural mechanism of peripheral CRF/Ucn-
induced anorexia and the receptor subtypes underlying these
effects are also unknown. The present study tested the
hypothesis that systemic (i.p.) administration of CRF receptor
agonists suppress food intake in rats. The behavioural mecha-
nism of action was explored via meal microstructure analysis
and by determining whether anorexia was accompanied by
malaise- or stress-like responses. The receptor subtype
involved in the various actions was explored by comparing
the anorexic potency (i.e. the minimal dose needed to
observe an anorexic effect) and efficacy (i.e. the maximal
intake reduction achieved) of agonists with selective CRF1

affinity (stressin1-A, a synthetic peptide analogue of CRF)
(Rivier et al., 2007), selective CRF2 affinity (Ucn 2 and Ucn 3)
and joint CRF1/CRF2 affinity (Ucn 1). To test the putative CRF2

subtype of pharmacological action further, the effects of
peripheral administration of Ucn 1 and Ucn 2 on food intake
were compared in fasted CRF2 knockout and wild-type mice.

Ucn 1 and stressin1-A, peptides with high CRF1 affinity,
reduced food intake and feeding efficiency in both fasted and
fed rats and also induced a conditioned taste aversion (CTA),
increased corticosterone (CORT) levels and diarrhoea. In con-
trast, peripheral Ucn 2 potently suppressed feeding, but not
feeding efficiency, via a CRF2-dependent mechanism by
reducing meal frequency without eliciting signs of malaise.
The present results support the hypothesis that peripheral
CRF2 agonists have specific appetite-suppressing properties,
whereas peripheral CRF1 agonists produce interoceptive stress
potentially relevant to the pathophysiology of functional
gastrointestinal disorders.

Methods

Animals
The animals used were: 337 adult (200–225 g on arrival) pair-
housed, male Wistar rats (Charles River, Hollister, CA), 10
adult male and 1 adult female CRF2 receptor knockout mice
(25–29 g at study onset; Crhr2tm1Klee/Crhr2tm1Klee; Bale et al.,
2000), and 10 adult male and 3 adult female wild-type litter-
mate mice (25–27 g at study onset). Mice were studied on a
mixed C57BL/6J ¥ 129/Sv background as described previously
(Bale et al., 2000). Results were pooled across sex because sex
ratios were similar across genotype, and sex differences on
treatment effects were not observed. Animals were housed
under a 12 h/12 h dark/light cycle (dark onset at 8 h 00 min)
in a humidity- (60%) and temperature-controlled (22°C)
vivarium. Standard rodent chow [LM-485 Diet 7012, 65%
(kcal) carbohydrate, 13% fat, 21% protein, metabolizable
energy 3.41 kcal·g-1; Harlan Teklad, Madison, WI] and tap
water were available ad libitum unless otherwise indicated.
Animals were acclimatized to the vivarium for at least 1 week
prior to the start of the experiments. All animal care and
experimental procedures adhered to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH
Publication number 85–23, revised 1996) and ‘Principles of
Laboratory Animal Care’ and were approved by the Institu-
tional Animal Care and Use Committee of The Scripps
Research Institute.

Drugs
Stressin1-A, rat/murine Ucn 1, murine Ucn 2 and murine Ucn
3 were synthesized manually using solid phase methodology,
purified using HPLC and fully characterized using capillary
zone electrophoresis, HPLC and MS (Reyes et al., 2001; Rivier
et al., 2002; 2007).

Feeding studies
Food deprivation-induced free-feeding. For studies of
deprivation-induced feeding, rats (n = 158) or mice were
habituated to individual test cages, which were constructed
identically to their home cages, in a sound-attenuated test
room for 6 h (dark cycle, 9 h 00 min to 15 h 00 min), after
which they were returned to the vivarium. Food and tap
water were available ad libitum during habituation, so that
the test room would not be associated with food deprivation
stress. Chow was removed at the end of habituation period,
and the animals were returned to the vivarium to begin a
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20 h pretreatment fast. On the next day, the animals were
re-acclimatized to their respective test cages, which contained
bedding from the previous day, for 2 h. Test injections were
then administered at 11 h 00 min (3 h into the dark cycle),
after which rats were immediately returned to the test cages
with pre-weighed chow and tap water. Rats received one of
the following i.p. doses in a between-subjects design:
stressin1-A [n = 72; 0.0 (vehicle), 0.64, 1.28, 5.12, 10.24, 20.48
or 40.96 nmol·kg-1; (equivalent to 0.0, 3.14, 6.28, 25.12,
50.28, 100.56 or 201.12 mg·kg-1, respectively)], Ucn 1 [n = 24;
0, 0.32, 0.64 or 1.28 nmol·kg-1 (equivalent to 0.0, 1.5, 3 or
6 mg·kg-1, respectively)], Ucn 2 [n = 24; 0, 0.64, 1.28 or
5.12 nmol·kg-1 (equivalent to 0.0, 2.64, 5.28 or 21.13 mg·kg-1,
respectively)] and Ucn 3 [n = 38; 0, 0.64, 1.28, 5.12, 40.96 or
81.92 nmol·kg-1 (equivalent to 0.0, 2.66, 5.32, 21.28, 170.24
or 340.48 mg·kg-1, respectively)]. Nominal molar concentra-
tions were calculated based on the gross peptide weight.
Actual molar concentrations based on net peptide weight are
probably lower, but the net peptide proportions should not
differ across the studied peptides. Mice (wild-type male, n = 5,
female, n = 3; CRF2 knockout male, n = 4, female, n = 1)
received doses of Ucn 1 (0.0, 0.32, 0.64 nmol·kg-1); separate
mice (wild-type male, n = 5; CRF2 knockout male, n = 6)
received doses of Ucn 2 (0.0, 1.28, 5.12 nmol·kg-1) in a
within-subjects design with six intervening drug-free days
between each treatment and food deprivation session. Food
and water were post-weighed after 2 h. Peptides were initially
solubilized in a small volume (mg equivalent mL) of nanopure
water and then diluted to the appropriate final doses in sterile
saline to attain injection volumes of 1 mL·kg-1 and 3 mL·kg-1

for rats and mice, respectively (Rivier et al., 2007). Peptides
were dissolved immediately before testing and kept on ice.

Microstructure of ingestion. To identify the effects of
stressin1-A (CRF1 agonist), Ucn 2, Ucn 3 (CRF2 agonists) and
Ucn 1 (CRF1/CRF2 agonist) on the microstructure of inges-
tion, rats (n = 53) were housed in ventilated, sound-
attenuating Plexiglas chambers equipped with a wire-mesh
floor under a 12 h/12 h reverse light–dark cycle with lights off
at 10:00 AM. Rats obtained individual corn syrup-sweetened,
palatable chow pellets (45 mg, Formula A/I; Research Diets,
New Brunswick, NJ) from a trough replenished by an auto-
mated pellet dispenser. Water aliquots (100 mL) were obtained
by making nose pokes into a hole adjacent to a delivery
reservoir. Responses for food or water were recorded by a
computer with 10 ms resolution, which allowed detailed tem-
poral resolution of discrete units of food and water intake, as
described previously (Zorrilla et al., 2005a,b; Fekete et al.,
2007). Testing began once responding stabilized (�10% food
responding for 3 days). For testing, 23 h food-deprived rats
received i.p. doses of stressin1-A [0.0 (vehicle), 0.64, 1.28 or
5.12 nmol·kg-1, (equivalent to 0.0, 3.14, 6.28 or 25.12 mg·kg-1,
respectively); n = 12], Ucn 1 [0.0, 0.32, 0.64 or 1.28 nmol·kg-1

(equivalent to 0.0, 1.5, 3 or 6 mg·kg-1, respectively); n = 6], Ucn
2 [0.0, 0.64, 1.28 or 5.12 nmol·kg-1 (equivalent to 0.0, 2.64,
5.28 or 21.13 mg·kg-1, respectively); n = 6] or Ucn 3 [0.0,
40.96 nmol·kg-1 (equivalent to 0.0, 170.24 mg·kg-1 respec-
tively); n = 6] in a within-subjects design. Treatments were
given at the onset of the dark cycle with six intervening
drug-free days between each treatment and food deprivation.
Food was removed at the end of the daily chamber mainte-

nance, and rats remained in their familiar holding cage
during fasting. To assess the potential effect of feeding state
on stressin1-A or Ucn-evoked anorexia, separate groups of ad
libitum-fed rats received i.p. doses of stressin1-A, Ucn 1, Ucn 2
(same doses as applied on fasted rats; n = 6, n = 6, n = 5,
respectively) and Ucn 3 [0.0, 10.24, 20.48 or 40.96 nmol·kg-1

(equivalent to 0.0, 42.56, 85.12 or 170.24 mg·kg-1 respec-
tively); n = 6]. Treatments in rats fed ad libitum were given per
a within-subjects design at the onset of the dark cycle with
two intervening drug-free days between each treatment.
Incremental 2 h and 4 h food and water intake were calcu-
lated, and food intake was normalized for metabolic demands
of different body weights per Kleiber’s 0.75 mass exponent
(Kleiber and Rogers, 1961).

Based on the time course of changes in intake, analyses of
meal and bout microstructure were performed for the first
4 h of observation of deprivation-induced feeding for pep-
tides showing anorexic actions across this period (i.e.
stressin1-A, Ucn 1 and Ucn 2). For meal pattern analysis, an
empirically validated, drinking-inclusive meal definition was
used (Zorrilla et al., 2005a,b; Fekete et al., 2007), whereby
meals were defined as consecutive responses for food or
water that contained at least five food-directed responses
(0.225 g) and in which ingestive responses occurred within
5 min of the previous response. Defined in this manner (Zor-
rilla et al., 2005a), meals are hypothesized to be a unit of
ingestion relevant to satiation (defined as the mechanisms
through which feeding episodes come to end) and satiety
(defined as the mechanisms through which completed
feeding episodes are not subsequently resumed). The dura-
tion of eating and drinking within meals was defined sepa-
rately as the duration of consecutive responses for food and
water. Meal sizes for eating and drinking were calculated
separately as the average number of food- or water-directed
responses during meals. The rates of eating and drinking
within meals were calculated by dividing each meal size by
its respective duration.

To analyse changes in bout microstructure, a bout (i.e. the
individual bursts of sustained feeding that collectively com-
prise a meal; Zorrilla et al., 2005a; Fekete et al., 2007) was
defined as a sequence of at least three feeding responses in
which no inter-feeding interval exceeded 15 s. This bout cri-
terion was derived from inspection of the frequency histo-
gram of inter-feeding intervals. Analogous analyses of
drinking bouts applied a 10 s inter-drinking interval crite-
rion. Thus, ‘bouts’ reflected within-meal episodes of sustained
feeding that were not interrupted by prandial pauses (e.g. to
drink). Bouts reflect a lower-level organization of ingestive
behaviour than meals and reveal other aspects of ingestive
behaviour, including whether feeding is sustained when
present (e.g. by positive drive processes such as hunger or
perceived food palatability) (Kissileff, 2000). Each rat’s central
tendency and, where appropriate, variability (within-subject
means and SD, respectively) were calculated for the number
of feeding and drinking bouts, the size and duration of bouts,
the rate of ingestive events within bouts and the duration of
inter-bout intervals. Finally, mean bout waveforms were cal-
culated by aligning bout onsets and averaging event density
function peaks for bouts emitted within the first four post-
treatment hours. Mean bout waveforms appear as rounded
peaks with a steep initial rise and gradual decay of ingestion
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rate. The time and number of ingestive events before and
after the peak of the average waveform were then calculated.

CTA
To determine whether anorexic doses of stressin1-A, Ucn 1 or
Ucn 2 produced a malaise-like state, individually housed rats
(n = 99) were tested in a sensitive, 12 day, multiple-pairing,
two-bottle choice CTA test (Inoue et al., 2003; Fekete et al.,
2007). Rats were acclimated for 1 week to acquire their daily
fluid intake during brief, defined periods by providing them
with limited (25 min) home cage access to two sipper tube
bottles, each containing tap water, beginning at 9:30 AM. On
days 8 and 10 (preconditioning and post-conditioning 1), rats
had limited access to one bottle with a 7.31 mM sodium
saccharin solution (0.15% w/v; Sigma, St. Louis, MO) and one
bottle with tap water. Immediately after the conclusion of
saccharin access, subjects were injected i.p. with stressin1-A
[0.0 (vehicle), 1.28, 5.12, 10.24 or 20.48 nmol·kg-1 (equiva-
lent to 0.0, 6.28, 12.56 or 25.12 mg·kg-1, respectively); n = 35],
Ucn 1 [0.0, 0.32, 0.64 or 1.28 nmol·kg-1 (equivalent to 0.0,
1.5, 3 or 6 mg·kg-1, respectively); n = 39] or Ucn 2 [0.0, 1.28 or
2.56 nmol·kg-1 (equivalent to 0.0, 2.64, 5.28 or 10.56 mg·kg-1,
respectively); n = 25] in a between-subjects design, receiving
the same dose on each day. Tap water was available in both
bottles on days 9 and 11. On day 12 (post-conditioning 2),
each subject again chose between the saccharin solution and
tap water in a treatment-free state. The initial position (side)
of the saccharin bottle was counterbalanced across subjects
and alternated daily thereafter. This paradigm is sensitive to
gastrotoxic doses of LiCl (Fekete et al., 2007), wherein a rela-
tive decrease in saccharin preference ratio is interpreted as the
formation of CTA.

Plasma corticosterone measurement
To determine whether equally anorexic doses of Ucn 1 and
Ucn 2 produced a stress-like adrenocortical response, rats (n =
27) were either handled (no injection) or injected (i.p.) with
vehicle, 0.64 nmol·kg-1 Ucn 1 or 1.28 nmol·kg-1 Ucn 2 in a
between-subjects design. The urocortin doses were selected to
elicit similar degrees of anorexia. Forty-five minutes later, tails
were nicked, and ~200 mL of tail blood was collected in pre-
chilled polypropylene tubes containing 15 mL 0.5 M EDTA
(pH 8.0). After centrifugation, rat plasma, diluted 1:200 in
assay buffer, was assayed for CORT immunoreactivity using a
double antibody-125I radioimmunoassay kit (#07120103; MP
Biomedicals, Irvine, CA) as per the manufacturer’s instruc-
tions. The minimum detectable dose of CORT was
7.7 ng·mL-1.

Statistical analysis
In free-feeding experiments in rats, the effects of stressin1-A,
Ucn 1, Ucn 2 or Ucn 3 treatment on food and water intake
were analysed using mixed-design ANOVA with time as the
within-subjects factor and dose as the between-subjects
factor. In mouse studies of intake, a mixed-design ANOVA was
used, with genotype as the between-subjects factor and dose
as the within-subjects factor. Quantitative and microstructure
measures of food and water intake in the nose poke test cages
were analysed using repeated-measures ANOVAs, with dose
and, where relevant, time as the within-subject factors. Linear

contrast ANOVAs were used to identify the monophasic dose-
response effects of the peptides on feeding or drinking param-
eters, defined by a log-linear dose–response function (Rosner,
1995). Saccharin preference on post-conditioning day 2 was
analysed by one-way ANOVA, with dose as the between-
subjects factor. Corticosterone concentration was analysed by
one-way ANOVA, with drug as the between-subjects factor.
Following significant omnibus tests, pairwise comparisons for
all ANOVAs were conducted using Fisher’s protected least sig-
nificant difference (LSD) test (Ott, 1988; Levin et al., 1994).
Post-treatment weight gain and feeding efficiency in the nose
poke studies were analysed by the Wilcoxon’s signed-rank
test due to non-Gaussian distributions and inhomogeneity of
variance. The software packages used were SPSS 12.0 (SPSS,
Chicago, IL) and InStat (GraphPad, San Diego, CA, USA).
Bout microstructure analyses were performed with the assis-
tance of Orbital Spike 4.0 (http://www.blki.hu/~szucs/OS3.
html). All results are expressed as mean � SEM.

Results

Effects of i.p. stressin1-A or Ucn
administration on nocturnal free
feeding in fasted rats
As shown in Figure 1, the peptides reduced food intake with
a rank-order potency of Ucn 1 > Ucn 2 > > stressin1-A � Ucn
3. Ucn 1 significantly and in a log-linear dose-dependent
manner reduced cumulative 2 h and 4 h nocturnal food
intake (linear contrast ANOVA; 2 h, F1,23 = 21.63, P < 0.001; 4 h,
F1,23 = 6.71, P < 0.05). Pairwise comparisons showed reduced
intake compared with vehicle treatment at the 0.64 and
1.28 nmol·kg-1 doses (Figure 1B). Stressin1-A decreased cumu-
lative food intake in a log-linear dose-dependent manner
(2 h, F1,71 = 14.94, P < 0.001; 4 h, F1,71 = 27.17, P < 0.001), but
much less potently than Ucn 1 (16- to 64-fold higher doses of
stressin1-A than Ucn 1 were required to reduce food intake;
Figure 1A). The selective CRF2 agonists Ucn 2 (Figure 1C; 2 h,
F1,23 = 6.61, P < 0.02; 4 h, F1,23 = 4.12, P = 0.056) and Ucn 3
(Figure 1D; 2 h, F1,32 = 16.63, P < 0.0005; 4 h, F1,32 = 4.70, P <
0.05) also reduced cumulative deprivation-induced feeding in
a log-linear dose-dependent manner. Ucn 2 was only slightly
less potent than Ucn 1 in reducing food intake and 8- to
64-fold more potent than Ucn 3. Ucn 2 reduced 2 h
re-feeding at the 5.12 nmol·kg-1 dose and 4 h food intake at
the 1.28 nmol·kg-1 dose (Figure 1C), whereas Ucn 3 required
doses of >40 nmol·kg-1 (Figure 1D).

Effects of stressin1-A, Ucn 1 and Ucn 2 on the
microstructure of nocturnal ingestion in
fasted rats
The free-feeding experiments showed that i.p. injection of
stressin1-A, Ucn 1 and Ucn 2 reduced 4 h nocturnal re-feeding
with greater potency than Ucn 3. Studies were then per-
formed on rats housed in test cages that detect intake as nose
poke events to study the microstructure mode of action
by which stressin1-A, Ucn 1, Ucn 2 but not Ucn 3 reduce
nocturnal ingestion and to examine the peptides’ effects
on weight regain and feeding efficiency following food
deprivation.
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Total quantity of intake. Figure 2 shows that i.p. administra-
tion of stressin1-A, Ucn 1 and Ucn 2 but not Ucn 3 reduced
cumulative nocturnal deprivation-induced food intake in the
microstructure test cages. Ucn 1 potently reduced re-feeding
through 4 h (Figure 2C; dose, F1,5 = 81.68, P < 0.001; time ¥
dose interaction, F1,5 = 11.55, P < 0.05) in a log-linear dose-
dependent manner (2 h, F1,5 = 64.49, P < 0.0001; 4 h, F1,5 =
60.79, P < 0.001). Significant reductions in food intake were
evident at all doses (0.32, 0.64 and 1.28 nmol·kg-1). The high
dose of Ucn 1 continued to reduce incremental food intake
through the second 2 h period (vehicle, 9.0 � 1.2,
1.28 nmol·kg-1 2.0 � 1.7 g·kg-0.75 bw; F3,15 = 5.77, P < 0.01, LSD
P < 0.05). Stressin1-A was at least one order less potent than
Ucn 1 (Figure 2A), only reducing 2 h food intake at the
5.12 nmol·kg-1 dose (F1,11 = 5.53, P < 0.05). In contrast, Ucn 2
also potently reduced re-feeding (Figure 2C; dose, F1,5 = 11.77,
P < 0.05; dose ¥ time interaction, F1,5 = 10.62, P < 0.05) in a
log-linear dose-dependent manner (F1,5 = 15.72, P < 0.05).
Pairwise comparisons indicated that the 0.64, 1.28 and
5.12 nmol·kg-1 doses of Ucn 2 significantly reduced 2 h
intake. Cumulative anorexia persisted at the 5.12 nmol·kg-1

dose through 4 h. Ucn 3 was the least potent anorexic
peptide as a 40.96 nmol·kg-1 dose did not reduce 2 h or 4 h
food intake in fasted rats (Figure 2G). Closer inspection of the
data showed that rats treated with high doses of Ucn 3

decreased their food intake within the first 10 min of
re-feeding (vehicle, 5.9 � 0.6 vs. 40.96 nmol·kg-1, 5.1 �

0.6 g·kg-0.75 bw; Student’s paired t-test P < 0.001).
Significant reductions in responding for water accompa-

nied the anorexic actions of Ucn 1 (Figure 2D; time ¥ dose
interaction, F1,5 = 17.62, P < 0.01) and Ucn 2 (Figure 2F; F1,5 =
6.78, P < 0.05) but were not seen following stressin1-A or Ucn
3 administration (Figure 2B and H). Pairwise comparisons
revealed reductions in 4 h water intake at the 1.28 nmol·kg-1

dose of Ucn 1 and the 5.12 nmol·kg-1 dose of Ucn 2.

Weight regain and feeding efficiency. As shown in Figure 3A
and C, treatment with stressin1-A (0.64 and 5.12 nmol·kg-1;
Wilcoxon’s sign-rank test, P < 0.01, n = 12) and Ucn 1
(1.28 nmol·kg-1; Wilcoxon’s sign-rank test, P < 0.05, n = 6)
decreased the body weight regain of previously fasted rats on
the test day. This action of Ucn 1 persisted throughout the
post-test day (vehicle, 8.3 � 0.5 vs. 1.28 nmol·kg-1 dose 6.0 �

0.3% weight gain; Wilcoxon’s sign-rank test, P < 0.05, n = 6).
Additionally, as shown in Figure 3B, the feeding efficiency
[body weight gain (g)/food intake (g)] of rats was significantly
reduced on the test day following stressin1-A injection (0.64
and 5.12 nmol·kg-1; Wilcoxon’s sign-rank test, P = 0.051 and
P < 0.01, respectively). Feed efficiency was reduced on the
second post-test day following Ucn 1 administration (vehicle,

Figure 1
Effects of i.p. treatment with stressin1-A, Ucn 1, Ucn 2 and Ucn 3 on mean (�SEM) cumulative 2 h and 4 h food intake in 20 h food-deprived male
Wistar rats. Food intake was normalized for body weight per Kleiber’s mass exponent (0.75). *P < 0.05, **P < 0.01, ***P < 0.001, lower than
respective vehicle treatment (Fisher’s protected LSD test). Sample size (n) is indicated beneath each dose’s symbol.
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Figure 2
Effects of i.p. treatment with stressin1-A, Ucn 1 and Ucn 2 on mean (�SEM) cumulative food or water intake (2 and 4 h) in 24 h food-deprived
male Wistar rats (stressin1-A, n = 12; Ucn 1 and Ucn 2, n = 6 per group) housed in automated test cages that detect intake as nose poke events.
Food intake was normalized for body weight per Kleiber’s mass exponent (0.75). *P < 0.05, **P < 0.01, ***P < 0.001, compared with vehicle
treatment (within-subjects Fisher’s protected LSD test).
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0.53 � 0.03, 0.64 nmol·kg-1, 0.47 � 0.03; Wilcoxon’s sign-
rank test, P < 0.05, n = 6). Ucn 2 and Ucn 3 treatment
(Figure 3E–H) did not share these effects on weight regain or
feeding efficiency, suggesting a CRF1 mechanism of action.
Prior to drug administration, the fasting-induced weight loss
did not differ significantly between treatment groups, as
desired (Supplementary Figure S1A–D).

Meal microstructure. Microstructure analysis was performed
for peptides that showed anorexic effects for at least 2–4 h. As
shown in Table 1, the highest dose of Ucn 1 made rats eat
fewer meals (F1,5 = 17.74, P < 0.01) with longer inter-meal
intervals (F3,15 = 29.13, P < 0.005) during the 4 h observation
period. Ucn 1 also reduced the size of the first meal (F1,5 =
8.49, P < 0.05), with pairwise comparisons showing a signifi-

Figure 3
Effects of i.p. stressin1-A (n = 12), Ucn 1, Ucn 2 or Ucn 3 (n = 6 per group) on mean (�SEM) cumulative weight gain and feeding efficiency during
re-feeding in 24 h fasted male Wistar rats housed in automated test cages that detect intake as nose poke events. Data expressed in median and
25 and 75 percentile. Stressin1-A and Ucn 1, but not Ucn 2 and Ucn 3, decreased weight gain and feeding efficiency during re-feeding after a fast.
*P < 0.05, **P < 0.01, compared with vehicle (Wilcoxon’s signed-rank test). Since the food intake did not change following Ucn 3 treatment, the
BWT of the rats have not been recorded on the post-test day.
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cant reduction from vehicle treatment at the 1.28 nmol·kg-1

dose (vehicle, 6.0 � 0.9 g; 0.32 nmol·kg-1, 5.3 � 0.5 g;
0.64 nmol·kg-1, 4.2 � 0.3 g; 1.28 nmol·kg-1, 3.3 � 0.4 g). Meal
size also tended to be reduced across the entire 4 h period
after Ucn 1 treatment (F3,15 = 3.03, P = 0.06), with a significant
reduction seen at the intermediate 0.64 nmol·kg-1 dose
(Table 1). Unlike Ucn 1, stressin1-A did not alter meal fre-
quency. Rather, stressin1-A tended to reduce meal size (F1,11 =
3.89, P = 0.07); pairwise comparisons showed that the highest
dose (5.12 nmol·kg-1) of stressin1-A tended to reduce the size
of the first meal (6.6 � 0.6 g vs. 5.2 � 0.4 g, P = 0.08) and
significantly reduced the average meal size for food within
the 4 h observation window (Table 1). In contrast, Ucn 2 did
not reduce meal size, but rather tended to reduce meal fre-
quency within the first 2 h (F3,15 = 2.53, P = 0.09), especially at
the 0.64 nmol·kg-1 dose (P = 0.09). Rats treated with Ucn 2 ate
~1 fewer meals within the first four post-treatment hours
than did vehicle controls (Table 1).

Bout microstructure. Consistent with the reduction in meal
frequency, i.p. administration of Ucn 1 reduced the number
of feeding bouts (Figure 4A; F1,5 = 31.07, P < 0.001) and drink-
ing bouts (Figure 4B; F1,5 = 6.29, P = 0.05) during the 4 h
period in a log-linear dose-dependent manner. Pairwise
reductions compared with vehicle treatment were seen at the
0.64 and 1.28 nmol·kg-1 doses for feeding bouts and
1.28 nmol·kg-1 dose for drinking bouts. Ucn 1 treatment pro-
longed the intervals between feeding bouts (Figure 4C; 0.64
and 1.28 nmol·kg-1 doses; F1,5 = 13.51, P < 0.05) and drinking
bouts (Figure 4D; 1.28 nmol·kg-1 dose; F1,5 = 11.96, P < 0.05).
Stressin1-A did not significantly alter the mean number of
ingestive bouts or the duration of intervals between them,

Table 1
Effect of i.p. injection of stressin1-A, Ucn 1 and Ucn 2 on 4 h nocturnal meal microstructure in fasted male rats

Microstructure parameters
Meal frequency
(number of meals)

Average inter-meal
interval (min)

Average meal size
Food (g) Water (mL)

Stressin1-A

Vehicle 4.8 � 0.4 44.9 � 3.4 3.3 � 0.3 5.4 � 0.6

0.64 nmol·kg-1 5.5 � 0.6 38.6 � 3.8 2.9 � 0.2 4.6 � 0.5

1.28 nmol·kg-1 5.4 � 0.8 52.4 � 8.9 3.3 � 0.3 5.2 � 0.7

5.12 nmol·kg-1 5.2 � 0.3 42.0 � 3.8 2.7 � 0.2* 4.4 � 0.4

Ucn 1

Vehicle 4.8 � 0.7 57.5 � 17.4 3.6 � 0.5 6.3 � 1.7

0.32 nmol·kg-1 4.1 � 0.6 65.3 � 14.5 2.9 � 0.3 5.0 � 0.8

0.64 nmol·kg-1 4.3 � 0.6 66.5 � 11.9 2.0 � 0.1* 2.8 � 0.5

1.28 nmol·kg-1 1.6 � 0.3** 182.5 � 42.1** 3.1 � 0.4 4.4 � 0.6

Ucn 2

Vehicle 4.8 � 0.7 45.9 � 10.5 3.8 � 0.6 6.9 � 0.8

0.64 nmol·kg-1 4.0 � 0.4 50.6 � 8.0 3.9 � 0.3 7.9 � 1.0

1.28 nmol·kg-1 3.6 � 0.4 58.5 � 6.9 4.3 � 0.6 8.4 � 0.6

5.12 nmol·kg-1 3.6 � 0.2# 50.9 � 6.0 4.0 � 0.2 7.8 � 1.0

*P < 0.05, **P < 0.01, #P < 0.09, different from vehicle condition.

Figure 4
Effects of i.p. Ucn 1 administration on the number of (A) feeding
bouts and (B) drinking bouts and the mean duration of intervals
between bouts of (C) feeding and (D) drinking. Ucn 1 decreased the
number of feeding and drinking bouts and increased the duration of
intervals between them. *P < 0.05, **P < 0.01, compared with vehicle
treatment.
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whereas Ucn 2 (5.12 nmol·kg-1) reduced the number of drink-
ing bouts (data not shown). As shown in Figure 5, each dose
of Ucn 1 significantly reduced the time spent feeding
(Figure 5A and C; F1,5 = 18.94, P < 0.0001) and the amount
eaten after the peak of the feeding bout (Figure 5E; F1,5 =

13.68, P < 0.05), suggesting a facilitated termination of
feeding bouts. In contrast, the average time (Figure 5B) and
amount eaten before (Figure 5D) the bout peak were unaf-
fected by Ucn 1 treatment. Ucn 1 administration did not alter
the form of drinking bouts (data not shown). Ucn 1 admin-

Figure 5
Effects of i.p. Ucn 1 administration on (A) the density of feeding events (‘eating rate’) in a 4 h bout of feeding (B) the latency until and (C) the
time after the peak in an average feeding bout and the number of feeding events (D) before and (E) after the peak of the average bout in 24 h
food-deprived male Wistar rats during re-feeding. Ucn 1 treatment dose-dependently reduced the sustained eating rate within bouts and the
amount of time and feeding events that followed the peak of the feeding bout. The number of feeding events before the bout peak also decreased
following 0.64 nmol·kg-1 Ucn 1 treatment. *P < 0.05, **P < 0.01, lower than respective vehicle treatment (Fisher’s protected LSD test, n = 6).
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istration decreased the serial regularity of feeding, but not
drinking, within bouts (see Supplemental Results and
Figure S2).

Effects of stressin1-A, Ucn 1, Ucn 2 and Ucn
3 on food intake in non-fasted rats
Ucn 1 induced anorexia (Figure 6C; dose, F3,15 = 5.54, P < 0.01;
dose ¥ time interaction, F3,15 = 16.99, P < 0.001) in rats fed ad
libitum in a log-linear dose-dependent manner (dose, F1,5 =
20.25, P < 0.01, dose ¥ time interaction, F1,5 = 32.45, P < 0.01).
Pairwise comparisons indicated that the 0.64, 1.28 and
5.12 nmol·kg-1 doses of Ucn 1 significantly reduced 4 h
cumulative intake. The reduction in food intake following
Ucn 1 treatment did not attain significance within the first
2 h (dose, F1,5 = 4.53, P = 0.087, NS), unlike what was seen in
food-deprived rats. However, the anorexic effect was signifi-
cant in the subsequent 2 h at the 1.28 and 5.12 nmol·kg-1

doses (vehicle: 10.0 � 1.0, 1.28 nmol·kg-1: 5.0 � 0.9,
5.12 nmol·kg-1: 2.4 � 1.0 g·kg-0.75 bw, dose F3,15 = 11.96, P <
0.001, LSD P < 0.05). Ucn 2 also elicited cumulative 4 h
anorexia (Figure 3E; dose, F3,12 = 5.11, P < 0.05, linear contrast
dose 4 h, F1,4 = 8.82, P < 0.05) at a fourold higher dose
(5.12 nmol) than was required for Ucn 1. Stressin1-A did not
significantly reduce intake at the tested doses in rats fed ad
libitum. Although ANOVA analyses indicated that Ucn 3
administration did not reduce food intake (F1,15 = 2.15, P =
0.16, NS), pairwise comparisons indicated that the highest
dose tended to decrease intake as compared with the vehicle
(40.96 nmol·kg-1, P = 0.07; Figure 6A and G). Thus, the acute
anorexigenic effects of stressin1-A, Ucn 1 and Ucn 2 appeared
to be blunted in magnitude or potency and slightly delayed
in onset in fed rats as compared with fasted rats. No treat-
ment significantly altered water intake in the rats fed ad
libitum (Figure 6B, D, F and H).

CTA
Anorexic doses of both stressin1-A (F4,34 = 3.06, P < 0.05) and
Ucn 1 (F3,38 = 38.617, P < 0.001) produced a CTA (Figure 7A,
B). Conditioning with the 10.24 and 20.48 nmol·kg-1 doses of
stressin1-A significantly decreased saccharin preference com-
pared with vehicle treatment, with a similar trend evident for
the 5.12 nmol·kg-1 dose (P = 0.07). Each dose of Ucn 1 (0.32,
0.64 and 1.28 nmol·kg-1) yielded a significant decrease in
saccharin preference. In contrast, anorexic doses of Ucn 2 did
not produce a significant taste aversion (Figure 7C). Subjects
treated with stressin1-A and Ucn 1, but not Ucn 2, also exhib-
ited watery diarrhoea, similar to a previous report (Taché
et al., 2002).

Plasma corticosterone measurement:
comparison of equally anorexic doses
of Ucn 1 and Ucn 2
As shown in Figure 7D, an anorexic dose of Ucn 1
(0.64 nmol·kg-1, i.p.) significantly increased plasma CORT
(F3,26 = 14.63, P < 0.001) to levels greater than those of han-
dling controls, vehicle controls and subjects treated with an
equally anorexic dose of Ucn 2. In contrast, CORT levels of
Ucn 2-treated subjects did not differ from those of controls.

Effects of Ucn 1 and Ucn 2 on feeding in
fasted CRF2 knockout and wild-type mice
As shown in Figure 7E, Ucn 1 significantly altered 2 h
re-feeding in fasted WT mice (F2,14 = 4.34, P < 0.05). Pairwise
comparisons showed that both the 0.64 and 1.28 nmol·kg-1

doses tended to reduce intake in WT mice (P = 0.06) but not
CRF2 knockout mice. As shown in Figure 7F, Ucn 2 reduced
2 h deprivation-induced food intake in WT mice (dose, F1,4 =
7.81, P < 0.05; LSD post hoc test, P < 0.05 for 5.12 nmol·kg-1 vs.
vehicle and P = 0.06 for 1.28 nmol·kg-1 vs. vehicle), but not in
CRF2 knockout mice (F1,5 = 2.06, P > 0.05), leading to a
significant difference in the 2 h intake in WT vs. CRF2 knock-
out mice after the 5.12 nmol·kg-1 dose (P < 0.05). Ucn 1 also
significantly decreased water intake in WT mice (F1,6 = 9.50,
P < 0.05, pairwise LSD post hoc test 1.28 nmol·kg-1 vs. vehicle
P < 0.05), but not in CRF2 knockout mice. Ucn 2 treatment
did not significantly alter water intake in either genotype
(data not shown).

Discussion

The present study indicates that systemic Ucn 2 administra-
tion can potently suppress food intake in rodents at doses
that do not evoke signs of malaise or stress. Systemic Ucn 2
reduced feeding in wild-type, but not CRF2 knockout mice,
indicating a CRF2 mechanism of action. In contrast, systemic
treatment with Ucn 1 and stressin1-A, ligands with CRF1 affin-
ity, not only reduced feeding but also decreased feeding effi-
ciency and produced signs of interoceptive stress.

Ucn 1, a non-selective CRF receptor agonist, was the most
potent at reducing food intake (at doses as low as
0.32 nmol·kg-1) and most efficacious (up to 70% reduction) in
fasted and fed rats. The anorexic potency of Ucn 1 via the i.p.
route was of the same order of magnitude as that of
cholecystokinin-8 (Lo et al., 2007; Cooper et al., 2008) and
amylin (Lutz et al., 1995), recognized anorexic hormones,
for reducing acute (~1–2 h) re-feeding in fasted rats and was
even more potent than others, such as oxyntomodulin
(~10 nmol·kg-1; Dakin et al., 2004), apolipoprotein A-IV
(~2 nmol·kg-1; Lo et al., 2007), glucagon-like peptide-1
(>10 nmol·kg-1; Dakin et al., 2004) and leptin (>1.5 nmol·kg-1;
Patel and Ebenezer, 2008). Stressin1-A, a selective CRF1 agonist,
produced the second largest suppression of re-feeding (up to
40%) in fasted rats but required substantially higher doses
(10.24–20.48 nmol·kg-1) than Ucn 1 and did not reduce
feeding in fed rats. In contrast, Ucn 2, a selective CRF2 agonist,
was similarly potent to Ucn 1 (0.64–5.12 nmol·kg-1) and the
other anorexic hormones but produced much smaller reduc-
tions in 2 h intake (~15%). Ucn 3, another selective CRF2

agonist, also reduced food intake by only 15% but at 32–64-
fold higher doses than were needed for Ucn 2. Thus, the
rank-order potency of the peptides to reduce deprivation-
induced re-feeding was Ucn 1 � Ucn 2 > > stressin1-A > Ucn 3,
whereas the rank-order for anorexic efficacy was Ucn 1 >
stressin1-A > Ucn 2 = Ucn 3. The rank-ordered anorexic activity
of Ucn 1 > Ucn 2 > Ucn 3 observed here in rats is also consistent
with previous studies in mice (Tanaka et al., 2009). In the fed
state, unlike the Ucns, stressin1-A was ineffective. However, the
anorexigenic activity of Ucn 1 and Ucn 2 was delayed in onset
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Figure 6
Effects of i.p. treatment with stressin1-A, Ucn 1,Ucn 2 and Ucn 3 on mean (�SEM) cumulative food or water intake (2 and 4 h) in male Wistar rats
fed ad libitum (stressin1-A, Ucn 1 and Ucn 3, n = 6 per group and Ucn 2, n = 5 per group) housed in automated test cages that detect intake as
nose poke events. Food intake was normalized to body weight per Kleiber’s mass exponent (0.75). *P < 0.05, **P < 0.01, compared with vehicle
treatment (within-subjects Fisher’s protected LSD test).
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by ~2 h to a time when baseline food intake was otherwise
greater.

Several pharmacological differences might explain Ucn
1’s greater anorexic activity than the other peptides. Firstly,
Ucn 1 is the only peptide tested that activates both CRF
receptor subtypes with subnanomolar affinity, providing two
potential mechanisms for anorexia (Fekete and Zorrilla,
2007). Secondly, Ucn 1 also binds the CRF binding protein
with high affinity and a slow rate of dissociation. This is
relevant because CRF binding protein/ligand complexes
might have direct or indirect (via agonist liberation) signal-
ling properties (Chan et al., 2000; Ungless et al., 2003; Fekete
and Zorrilla, 2007), and because association with the CRF
binding protein might protect the peptide from degradation,
prolonging its duration of action.

Several pharmacological properties might also explain the
30- to 60-fold lower potency of Ucn 3 to reduce food intake
compared with Ucn 2. Firstly, Ucn 3, although more selective

than Ucn 2 at the CRF2 receptor, is at least one order of
magnitude less potent at binding the CRF2 receptor and the
rodent CRF binding protein than Ucn 2 (Fekete and Zorrilla,
2007). Secondly, Ucn 3 does not show CRF1-like agonism,
whereas Ucn 2 is a full agonist, albeit of very low affinity, of
the CRF1 receptor (Fekete and Zorrilla, 2007). Thirdly, Ucn 3
may less effectively engage certain CRF2-mediated signal
transduction pathways than Ucn 2. For example, in previous
in vitro studies, Ucn 3 less effectively activated MAPK path-
ways than did Ucn 1 and Ucn 2 (Brar et al., 2004; Chen et al.,
2005). Accordingly, signal transduction mechanism specific-
ity for different ligands has recently been suggested for CRF
receptors (Berger et al., 2006; Beyermann et al., 2007). Similar
to the present findings, others have also found a decreased
ability of peripheral Ucn 3 (vs. Ucn 2) to produce putative
CRF2-dependent effects in vivo, including slowing of gastric
emptying, a result potentially relevant to the anorexia
observed in the present study (Martinez et al., 2002; 2004).

Figure 7
Effects of i.p. administration of (A) stressin1-A (B) Ucn 1 and (C) Ucn 2 on the formation of a CTA. A relative decrease in the saccharin preference
ratio is interpreted as the formation of a CTA. Data are expressed as the mean (�SEM) preference ratio for a 7.31 mM saccharin solution over water
as a function of having received two prior pairings of i.p. stressin1-A, Ucn 1 or Ucn 2 injections immediately after access to a previously novel
saccharin solution. *P < 0.05, **P < 0.01, preference ratios significantly lower after stressin1-A (10.24 and 20.48 nmol, respectively). ***P < 0.001,
Ucn 1 (0.32, 0.64 and 1.28 nmol, respectively) compared with respective vehicle treatment (between-subjects LSD test). Sample size is indicated
beneath each symbol. (D) Effect of handling (no injection; n = 7), vehicle (n = 7), 0.64 nmol Ucn 1 (n = 7) and 1.28 nmol Ucn 2 (n = 6) on plasma
corticosterone level. *P < 0.05, corticosterone level significantly higher after Ucn 1, but not Ucn 2, treatment compared with vehicle treatment
(between-subjects LSD test). (E–F) Effects of Ucn 1 (E) or mouse Ucn 2 (F) on the mean (�SEM) 2 h food intake in wild-type (WT, Ucn1, n = 8,
Ucn 2, n = 5) and CRF2 receptor knockout (KO, Ucn 1, n = 5, Ucn 2, n = 6) mice. Statistics were performed on the raw data but are presented
as % of vehicle intake (g·kg-0.75 bw) changes to facilitate comparison. Two-hour intake for vehicle-treated subjects were 51.8 or 24.6 g·kg-0.75 bw
for Ucn 1 or Ucn 2 studies, respectively. *P < 0.05, # P = 0.06, Ucn 1 and Ucn 2 significantly decreased food intake in WT mice but not in CRF2

KO mice.

BJP ÉM Fekete et al.

1970 British Journal of Pharmacology (2011) 164 1959–1975



The briefer duration of anorexic action of Ucn 3 in rats
(10 min) seen here as compared with the other CRF-family
peptides is consistent with the short duration of action
reported for Ucn 3 previously in mouse (20 min) (Tanaka
et al., 2009), results potentially consistent with greater
degradation/inactivation of Ucn 3. Finally, Ucn 3 does not
appreciably cross the intact blood–brain barrier, in contrast to
reports of moderate spontaneous passage by Ucn 2 (Kastin
and Akerstrom, 2002), and a latent transport system for Ucn
1 that is induced by anorexics such as leptin, TNF-a and
glucose pretreatment (Pan and Kastin, 2008).

Ucn 1 reduced food intake with a rapid onset in fasted rats
and also tended to reduce intake within 2 h in rats fed ad
libitum, culminating in a 65% reduction in intake by 4 h. Ucn
1 reduced intake in fasted rats by decreasing both meal fre-
quency and meal size. Bout analyses showed that Ucn
1-treated rats had fewer bouts of both eating and drinking
with longer inter-bout intervals. Unlike Ucn 1, stressin1-A
reduced meal size but not meal frequency, whereas Ucn 2
tended to reduce meal frequency but not meal size. Ucn
1-treated rats also showed decreased and less regular eating
rates. Finally, Ucn 1 also decreased the quantity and duration
of eating following the peak of feeding bouts, a profile con-
sistent with facilitated bout termination. The relationship
between the peptides’ pharmacological differences (e.g.
receptor specificities, CRF binding protein affinity, blood–
brain barrier penetration) and their different effects on
feeding microstructure remains unclear.

The present results obtained after peripheral administra-
tion of Ucn peptides to fasted rats contrast with those from
studies in which Ucn 2 was administered centrally to rats fed
ad libitum, where it was found that Ucn 2 induced a delayed
anorexia and did so by selectively reducing meal size (Inoue
et al., 2003; Cottone et al., 2007). The route of administration
(systemic vs. central) or feeding state (fasted vs. fed) might
account for these different effects of Ucn 2 treatment. Some-
what larger reductions in chow intake following peripheral
Ucn 2 administration than those seen here have been
reported previously in mice (Wang et al., 2001; Gourcerol
et al., 2007); differences in the species (mouse or rat) or
experimental diet (chow vs. palatable, sweetened chow) may
account for these different outcomes.

In accord with our findings, Ucn 2 was shown to suppress
food intake in fasted mice (Wang et al., 2001; Gourcerol et al.,
2007), but the doses required to reduce food intake in the
present study were higher. Systemic Ucn 1- and Ucn 2-induced
anorexia were also shown to occur in rats and to be absent in
CRF2 knockout mice, demonstrating a CRF2 mode of action.
The latter finding is consistent with previous results showing a
role for CRF2 receptors in the synergistic anorexic effect of
combined Ucn 2-cholescystokinin administration (Gourcerol
et al., 2007). A possible biological mechanism of peripheral
CRF2-related anorexia is slowed gastric emptying (Wang et al.,
2001; Martinez et al., 2004), which results from CRF2-
dependent reductions in gastric and ileal motility (Porcher
et al., 2005). The presence of urocortins in the gastrointestinal
tract (Harada et al., 1999; Kozicz and Arimura, 2002; Yamauchi
et al., 2005), pancreatic b-cells (Li et al., 2003) and adipose
tissue (Seres et al., 2004) is consistent with a possible endog-
enous role for peripheral urocortins in the control of food
intake. Potential targets through which peripherally adminis-

tered urocortins might control food intake include CRF recep-
tors in the stomach, duodenum, ileum, colon and liver, as well
as CRF2 receptors in the nodose ganglion, which subserves
visceral afferent functions and contains cell bodies for vagal
fibres (Lawrence et al., 2002; Chatzaki et al., 2004a,b; 2006;
Porcher et al., 2005; 2006; Simopoulos et al., 2009). Endocrine
signalling to the CNS is also a conceivable mode of urocortin
action, because Ucn 2 can spontaneously reach brain paren-
chyma at a moderate rate (Kastin and Akerstrom, 2002), and
Ucn 1 transport across the blood–brain barrier can be induced
by leptin, TNF-a and glucose (Pan and Kastin, 2008). As a
substituted fragment of CRF (Rivier et al., 2007), stressin1-A
might similarly share the ability of CRF to access brain paren-
chyma from the periphery via saturable transport, unlike Ucn
3 (Kastin and Akerstrom, 2002). The brain penetration of Ucn
1 involves CRF1 and CRF2 receptors localized on cerebral
microvessels; the latter play a key role in Ucn 1 passage
following induction by leptin (Pan et al., 2004; Tu et al., 2007).
CRF2 receptors are expressed in close proximity to cerebral
microvessels in appetite-regulatory structures, including the
area postrema and medial nucleus tractus solitarius/dorsal
vagal complex (Bittencourt and Sawchenko, 2000; Van Pett
et al., 2000) and activation of brain CRF2 receptors inhibits
food intake (Wang and Kotz, 2002; Fekete et al., 2007). In
support of an endogenous anorexic role for CRF2 systems in
food intake control, CRF2 null mice were found to eat more
sweet chow (Tabarin et al., 2007) and a higher-fat diet (Bale
et al., 2003) than WT mice (Kozicz and Arimura, 2002).

Both Ucn 1 and stressin1-A, but not Ucn 2, reduced weight
regain and feeding efficiency for 1–2 days following systemic
administration. One possible contributing mechanism is
CRF1-mediated increases in excretion because the tested doses
of Ucn 1 and stressin1-A, but not Ucn 2, acutely elicited
diarrhoea. Changes in energy expenditure or fuel substrate
utilization may also be involved, but such data have been
controversial. One study reported that i.p. doses of Ucn 1
similar to those studied here reduced oxygen consumption in
lean mice (Asakawa et al., 2001). In contrast, another study
found that central administration of Ucn 1 increased energy
expenditure (Spina et al., 1996; De Fanti and Martinez, 2002).
Additionally, intra-PVN Ucn 1 administration induced brown
adipose tissue uncoupling protein-1 mRNA synthesis and
increased relative utilization of fat as an energy substrate
(Kotz et al., 2002).

Peripheral Ucn 1 and Ucn 2 administration also reduced
water intake at doses that reduced food intake in fasted rats.
Ucn 1 made rats drink more irregularly in the meal and take
fewer drinking bouts that were separated by longer pauses.
Similar to the present findings, i.c.v. administration of Ucn 2
and Ucn 3 decreased water intake (Zorrilla et al., 2004; Fekete
et al., 2007), and intra-hypothalamic administration of Ucn 3
reduced prandial water intake, partly by reducing drinking
bout frequency (Fekete et al., 2007). Whether the present
hypodipsic actions of peripheral Ucn 1 and Ucn 2 are primary
or secondary to reduced food intake remains unclear.

Both stressin1-A and Ucn 1 elicited signs of an aversive
state at anorexic doses. Each peptide produced a conditioned
taste aversion and high levels of defecation/diarrhoea. When
administered i.p. Ucn 1 also increased circulating corticoster-
one levels. These effects were not shared by similarly anorexic
doses of the selective CRF2 agonist Ucn 2, suggesting a role for
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CRF1 receptors in the negative interoceptive state. The
present results are consistent with findings by Taché and
colleagues showing that i.p. administration of CRF or
stressin1-A, similar to stressors, stimulated defecation and
diarrhoea by increasing colonic transit (Zorrilla et al., 2003;
Martinez and Tache, 2006; Yuan et al., 2007) and increased
visceral nociception (Martinez et al., 2004; Nijsen et al.,
2005). CRF and stressin1-A stimulate colonic function via a
direct action on colonic cholinergic and nitrergic myenteric
neurons that express CRF1 receptors (Yuan et al., 2007). The
results support the hypothesis that peripheral CRF1 receptors
are involved in the aversive pathophysiology of functional
gastrointestinal disorders, such as irritable bowel syndrome
(Taché and Brunnhuber, 2008).

Consistent with our finding that i.p. administration of
Ucn 1 increased CORT levels, previous studies found that i.v.
Ucn 1 infusion activated the hypothalamic-pituitary-adrenal
axis via a CRF1-dependent mechanism (Vetter et al., 2002)
and that systemic stressin1-A administration increased
adrenocorticotropic hormone (ACTH) release in rats (Rivier
et al., 2007). In contrast, peripheral administration of a simi-
larly anorexic dose of Ucn 2 did not increase CORT levels in
the present study, consistent with the dearth of CRF2 recep-
tors on ACTH-secreting pituitary corticotrophs (Lovenberg
et al., 1995) and reports showing that peripheral Ucn 3
administration does not increase CORT secretion (Venihaki
et al., 2004). The results support a facilitatory role for periph-
eral CRF1, but not CRF2, receptors in CORT secretion.

In summary, systemic Ucn 2 administration potently sup-
pressed food intake via a CRF2-dependent mechanism without
eliciting signs of malaise. Systemic Ucn 1 and stressin1-A
injection likewise reduced feeding but also decreased feeding
efficiency and produced interoceptive stress signs, including
malaise-like behaviour, diarrhoea and hypothalamic–
pituitary–adrenal axis activation. Peripheral Ucn 3 was rela-
tively ineffective at reducing both re-feeding following fasting
and feeding in rats fed ad libitum. Consistent with their phar-
macological differences, our results show that the effects of
peripheral urocortins on appetite are also diverse.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Prior to administration of stressin1-A (n = 12), Ucn
1, Ucn 2 or Ucn 3 (n = 6 per group), fasting-induced body

weight loss did not differ in relation to peptide treatment or
dose, as desired. Data are expressed as medians (line) with
the surrounding interval indicating the 25th and 75th
percentiles.
Figure S2 Illustration of (A–D) the serial regularity within
feeding bouts after i.p. administration of Ucn 1 and (E, F)
serial entropy. Density plots of the ‘within-bout’ inter-feeding
interval (IFI) return maps (joint IFI probability distribution)
are constructed from ‘within-bout’ IFIs from one representa-
tive rat (# 2) during the first four post-injection hours (A–D).
With vehicle treatment, rats showed serial regularity from
pellet to pellet, reflected in a ‘clustered’ return map. Ucn 1,
but not stressin1-A or Ucn 2 (data not shown), increased the
serial irregularity of feeding within bouts of feeding, calcu-
lated as increased entropy of the probability joint return map
for feeding compared with the respective vehicle treatment
and illustrated as an increased spread on the return map.
Warmer colours (towards red) indicate higher local probabili-
ties. *P < 0.05, **P < 0.01, compared with vehicle treatment.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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