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Abstract
Fish urotensin I (UI), a member of the corticotropin-
releasing hormone (CRH) family of peptides, is a potent
inhibitor of food intake in mammals, yet the role of UI in
the control of food intake in fish is not known. Therefore,
to determine the acute effects of UI on appetite relative to
those of CRH, goldfish were given intracerebroventricu-
lar (i.c.v.) injections of carp/goldfish UI and rat/human
CRH (0.2–200 ng/g) and food intake was assessed for a
2-hour period after the injection. UI and CRH both sup-
pressed food intake in a dose-related manner and UI
(ED50 = 3.8 ng/g) was significantly more potent than CRH
(ED50 = 43.1 ng/g). Pretreatment with the CRH receptor
antagonist, ·-helical CRH(9–41), reversed the reduction in
food intake induced by i.c.v. UI and CRH. To assess
whether endogenous UI and CRH modulate fish appetite,
goldfish were given intraperitoneal implants of the glu-
cocorticoid receptor antagonist, RU-486 (50 and 100 Ìg/
g), or the cortisol synthesis inhibitor, metyrapone (100
and 200 Ìg/g), and food intake was monitored over the

following 72 h. Fish treated with either RU-486 or mety-
rapone were characterized by a sustained and dose-
dependent reduction in food intake. Pretreatment with
i.c.v. implants of ·-helical CRH(9–41) partially reversed the
appetite-suppressing effects of RU-486 and metyra-
pone. In a parallel experiment, the effects of RU-486
(100 Ìg/g) and metyrapone (200 Ìg/g) intraperitoneal
implants on brain UI and CRH gene expression were
assessed. Relative to sham-implanted controls, fish
treated with RU-486 or metyrapone had elevated UI
mRNA levels in the hypothalamus and CRH mRNA lev-
els in the telencephalon-preoptic brain region. Together,
these results suggest that UI is a potent anorectic pep-
tide in the brain of goldfish and that endogenous CRH-
related peptides can play a physiological role in the con-
trol of fish appetite.

Copyright © 2001 S. Karger AG, Basel

Introduction

Considerable evidence suggests that the neuropeptide
corticotropin-releasing hormone (CRH), in addition to
being the major regulator of hypothalamic-pituitary-adre-
nocortical axis activity, is an endogenous inhibitor of food
intake in mammals [1, 2]. Central administration of CRH
diminishes food intake [3, 4], and the anorectic effects of
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CRH can be reversed by CRH receptor blockade [5, 6].
Conditions that elevate endogenous hypothalamic CRH
levels, such as stress [5, 7] and loss of negative feedback by
glucocorticoids [8, 9], also suppress appetite. Further,
whereas involuntary overfeeding and satiation lead to an
increase in CRH gene expression in the hypothalamic
paraventricular nucleus, food restriction has an opposite
effect [10, 11]. However, recent evidence has brought into
question the role of CRH as a physiologically relevant sig-
nal of appetite regulation. In CRH-deficient mice (CRH
gene knockout), CRH is not necessary for decreases in
food intake induced by either chronic stress [12] or adre-
nalectomy [13].

The CRH-related peptides fish urotensin I (UI), am-
phibian sauvagine and mammalian urocortin, are also
potent anorexigenic signals in mammals [14–16]. In fact,
although the results are equivocal, most studies have
found that UI, sauvagine and urocortin are more potent
than CRH at inhibiting food consumption [14–19]. Since
CRH2 receptors play an important role in mediating the
anorectic effects of CRH-related peptides [2, 6], the dif-
ferential effects of CRH-related peptides in appetite regu-
lation may be partly explained by the fact that UI, sauvag-
ine and urocortin have a higher affinity for CRH2 recep-
tors than does CRH [20]. Comparison of the primary
structure of CRH-related peptides suggests that UI, sau-
vagine aud urocortin form a distinct lineage from CRH
that arose by gene duplication [21]. At present, the spe-
cific involvement of either lineage of the CRH family of
peptides in the regulation of food intake and in mediating
the impact of stress on appetite is unclear.

Among nonmammalian vertebrates, central injections
of ovine CRH (oCRH) have been shown to inhibit food
intake in fish [22], amphibian tadpoles [23], pigeons [1]
and chickens [24]. As in mammals, the anorectic effects of
CRH in goldfish appear to be independent of the activa-
tion of the hypothalamic-pituitary-interrenal (HPI) axis
and centrally mediated [25]. To our knowledge, however,
although originally identified in lower chordates [26, 27],
the anorectic properties of either UI or sauvagine have yet
to be investigated in their species of origin. Moreover, in
nonmammalian vertebrates, whether endogenous CRH-
related peptides play a physiological role in the control of
food intake or are involved in mediating the effects of
stress on appetite remains to be ascertained. Given the
longer evolutionary history of UI and CRH peptides in
fish, and their distinct neural circuitry [21], studies in tele-
osts may help to resolve the physiological significance of
CRH-related peptides in the control of appetite among
vertebrates.

The present study was undertaken to determine the
potential role of UI in the control of food intake in gold-
fish, and to assess whether UI and CRH are endogenous
regulators of ingestive behavior in fish. This was achieved
in part by assessing the effects of intracerebroventricular
(i.c.v.) injections of a wide range of doses of carp/goldfish
UI (c/gUI) and rat/human CRH (r/hCRH) on food intake.
Given the central role of CRH-related peptides in regulat-
ing the HPI axis, we also determined the effects of c/gUI
and r/hCRH i.c.v. injections on plasma cortisol. In addi-
tion, since blocking the negative feedback action of corti-
sol appears to stimulate CRH and UI synthesis in fish
[28–30], food intake was assessed in goldfish treated with
the glucocorticoid receptor antagonist, RU-486, and the
cortisol synthesis inhibitor, metyrapone. Finally, experi-
ments using the competitive CRH receptor antagonist,
·-helical CRH(9–41), were carried out to determine the
potential involvement of central CRH receptors in me-
diating the effects of exogenous and endogenous CRH-
related peptides on food intake.

Materials and Methods

Animals
Goldfish (Carassius auratus) of the common or comet variety

weighing between 36 and 58 g (47.3 B 0.2 g, mean B SEM; n = 510)
were obtained from Mount Parnell Fisheries (Mercersburg, Pa.,
USA) and maintained in either 65-liter glass aquaria (experiments
1–4) or 80-liter fiberglass tanks (experiment 5) at 17°C under a simu-
lated photoperiod at Edmonton, Alta., Canada. The holding aquaria
and tanks received a constant flow of aerated water. Fish were fed ad
libitum once daily (10.00 a.m.) with commercially prepared fish food
(New Age Pacific 5.0 mm: protein 43%, fat 18%, ash 7%, mineral
2.6% and fiber 2.4%; Moore Clark, Vancouver, B.C., Canada). Fish
were acclimated under these standard conditions for a minimum of 3
weeks prior to experimentation, at a density ranging between 7.1 and
10.8 g/l.

Reagents
c/gUI was kindly provided by Dr. J.E. Rivier (Clayton Founda-

tion Laboratories for Peptide Biology, The Salk Institute, La Jolla,
Calif., USA). r/hCRH and the CRH receptor antagonist ·-helical
CRH(9–41) were purchased from Peninsula Laboratories (Belmont,
Calif., USA). c/gUI, r/hCRH and ·-helical CRH(9–41) stock solutions
for i.c.v. injections were dissolved in teleost physiological saline [31],
solubilized with 1 N NaOH (2%) and subsequently diluted. The
saline vehicle for controls was treated in a similar manner.

Experimental Procedures
Assessment of Food Intake. Seventy-two hours prior to experi-

mentation, individual fish of either sex were removed from the hold-
ing tanks and placed in separate 65-liter glass aquaria. Thereafter,
each goldfish received a daily excess [4% of body weight (BW)] of
preweighted food at 10.00 a.m. Uneaten food was collected 2 h later,
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desiccated at 100°C for 1 h and weighed. Food intake was calculated
as the difference between the initial dry food weight and the adjusted
uneaten dry food weight. As a control procedure, the weight reduc-
tion of food remaining in water for 2 h and dessicated in parallel with
the daily experimental samples was used to adjust the uneaten dry
food weights from the experimental aquaria. The uneaten dry food
weight was adjusted in order to account for the effects of pellet disso-
lution during the feeding interval (!4% pellet weight), for potential
day-to-day differences in dessication efficiency and for loss in initial
food moisture content due to the drying process.

Intracerebroventricular Injections. Brain i.c.v. injections were
performed following procedures described by Peter and Gill [32].
Briefly, once fish were deeply anesthetized in a buffered (NaHCO3,
1 g/l) solution of tricaine methanesulfonate (0.5 g/l; MS-222; Syndel,
Vancouver, B.C., Canada), a three-sided flap was cut in the frontal
bones and folded along its uncut margin to view the dorsal surface of
the brain. The fish was then positioned in the holder of a specifically
designed stereotaxic apparatus and, viewing under a dissecting mi-
croscope, the point zero for the stereotaxic procedure was located.
The needle of a 5-Ìl 26-gauge microsyringe was placed in the preoptic
region of the brain third ventricle (coordinates: +1.0 anterior, mid-
line, +1.2 down) according to the stereotaxic atlas of the goldfish
brain [32]. Following injection, the needle was withdrawn and the
space in the cranial cavity overlying the brain was filled with teleost
saline [31]. The bone flap was hinged back into place and secured by
surgical thread. Fish were then returned to their tanks and normally
recovered from anesthesia within 5 min. Each fish was submitted to
only one i.c.v. procedure.

Implants. Solid silastic pellets manufactured as previously de-
scribed [33] were used to administer RU-486 (Mifepristone; Sigma,
St. Louis, Mo., USA) intraperitoneally (i.p.) (1 mm/g BW) through a
2- to 3-mm incision in the body wall. Metyrapone (Metopirone;
Aldrich, Milwaukee, Wisc., USA) was mixed with melted cocoa but-
ter (30°C) and injected i.p. (5 Ìl/g BW) with a 250-Ìl 18-gauge
microsyringe in fish placed on ice to promote solidification of the
implants. The RU-486 and metyrapone implantations were carried
out under MS-222 anesthesia (0.2 g/l) and the incision in the body
wall was closed prior to returning the fish to their original tanks. Pel-
lets for i.c.v. implantation were prepared as previously described
[34]. One milligram of ·-helical CRH(9–41) was mixed into 5 mg of
melted cocoa butter in a small vial. Upon solidification at –20°C, the
CRH antagonist-cocoa butter mixture was tamped into a pellet-mak-
ing apparatus consisting of a length of 26-gauge stainless steel tubing
and an inner wire plunger. The wire plunger was then adjusted to a
specific length (0.031 mm/g BW) with a dissecting microscope and
excess extruded pellet material was removed. Following implanta-
tion of the tube into the brain third ventricle (see above), lowering the
wire plunger expelled the pellet.

RNA Extraction. Fish were anesthetized in a buffered solution of
MS-222 (0.5 g/l) prior to decapitation and excision of two discrete
goldfish brain areas: the telencephalon-preoptic and hypothalamic
regions [30]. Tissue samples were placed in microcentrifuge tubes
and immediately frozen on dry ice. Total RNA was extraced using
Trizol Reagent (Life Technologies, Gaithersburg, Md., USA) based
on the acid guanidinium thiocyanate-phenol-chloroform extraction
method. Total RNA concentrations were determined by ultraviolet
spectrophotometry at 260 nm, and samples were stored at –80°C
until used.

Slot-Blot Quantification of mRNA. CRH and UI mRNA levels in
the telencephalon-preoptic and hypothalamic brain regions of gold-

fish were quantified by slot-blot analysis [35]. Ten micrograms of
total RNA from each brain region (initially diluted with sterile water
to 10 Ìl), to which was added 30 Ìl of denaturing solution [19.7 Ìl of
formamide, 6.4 Ìl of formaldehyde (37%) and 3.9 Ìl of 10 !
MOPS], was incubated at 65°C for 15 min. The samples were imme-
diately placed on ice, diluted further with 60 Ìl of ice-cold 20 ! SSC
and slotted directly onto Hybond-N membranes (Amersham Life
Sciences, Buckinghamshire, England) using a Bio-Dot SF manifold
apparatus (Bio-Rad, Richmond, Calif., USA). The RNA was fixed by
baking the membranes in a vacuum at 80°C for 2 h and was cross-
linked by UV irradiation for 30 s. Goldfish CRH (579 bp) and UI
(456 bp) hybridization probes were prepared as described by Bernier
et al. [30]. The DNA probes were labeled using a random priming kit
(T7 QuickPrime kit, Pharmacia Biotech, Baie d’Urfé, Que., Canada)
with [·-32P]dCTP (3,000 Ci/mmol, Amersham) to a specific activity
of 1.6 ! 108 dpm/Ìg. Hybridization was performed using the meth-
ods of Church and Gilbert [36]. In brief, the membranes were prehy-
bridized in hybridization solution (0.5 M Na2HPO4, pH 7.2, 7%
SDS, 1 mM EDTA and 1% BSA) for 3 h at 65°C. The hybridization
solution was then changed and the labeled CRH or UI probe was
added. After overnight hybridization at 65 °C, the membranes were
washed four times (2 ! 1 min and 2 ! 10 min) with washing solu-
tion (40 mM Na2HPO4, pH 7.2, 1 mM EDTA and 1% SDS). Signal
detection was achieved by exposing the CRH and UI membranes to a
PhosphorImager (Molecular Dynamics, Sunnyvale, Calif., USA)
screen for 1 and 3 days, respectively, and quantified by ImageQuant
software (Molecular Dynamics). To serve as an internal control, the
membranes were stripped and reprobed with a [·-32P]dCTP-labeled
partial cDNA for goldfish ß-actin. The CRH and UI mRNA levels
were expressed as a ratio of the hybridization signal for ß-actin
mRNA and then normalized as a percentage of the time 0 and control
value for each individual treatment and brain region analyzed. The
linearity of the mRNA signals obtained by slot-blot analysis was
assessed by determining the CRH and UI signals from blotting dilu-
tions of total RNA (15, 12.5, 10, 7.5 Ìg) from the hypothalamic brain
region. The number and size of CRH and UI transcripts in the tel-
encephalon-preoptic and hypothalamic goldfish brain regions and
the specificity of the CRH and UI hybridization probes were pre-
viously ascertained by Northern analysis [30]. Such analysis identi-
fied a single gene transcript for both the CRH and UI precursors in
the hypothalamus and the telencephalon preoptic brain region of
goldfish [30].

Plasma Cortisol Determinations. Plasma cortisol concentrations
were measured in duplicate from unextracted samples with a com-
mercial radioimmunoassay kit (ImmuChem Coated Tube Cortisol
125I RIA Kit; ICN Biochemicals, Costa Mesa, Calif., USA). The val-
idity of the RIA for measuring cortisol titers in goldfish plasma was
previously determined [30].

Experimental Design
Experiment 1: Effects of UI and CRH i.c.v. Injections on Food

Intake and Plasma Cortisol. Individual fish adapted for 72 h to sepa-
rate glass aquaria were randomly injected i.c.v. with c/gUI, r/hCRH
or saline between 9.00 and 10.00 a.m. (n = 10–14). Dosages of c/gUI
and r/hCRH were 0.2, 2, 20 and 200 ng/g BW. The fish received food
30 min after the injection and food intake was assessed over a 120-
min period. At the end of the food intake trial, fish were terminally
anesthetized (1 g/l MS-222), blood was collected by caudal puncture
and centrifuged at 10,000 g for 5 min, and the separated plasma was
stored at –20°C for later analysis of cortisol.
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Experiment 2: Effects of ·-Helical CRH(9–41) i.c.v. Injections on
UI- and CRH-Induced Changes in Food Intake and Plasma Cortisol.
Fish were randomly injected i.c.v. with either c/gUI (10 ng/g BW),
r/hCRH (10 ng/g BW) or saline alone, or in combination with ·-
helical CRH(9–41) (100 ng/g BW) between 9.00 and 10.00 a.m. (n =
12–15). The fish received food 30 min after the injection and both
food intake and plasma cortisol levels were assessed as in experiment
1. In addition, food intake and plasma cortisol levels were assessed in
fish left undisturbed (control).

Experiment 3: Effects of RU-486 and Metyrapone Intraperitoneal
Injections on Food Intake. Food intake was assessed on the third day
of a 72-hour acclimation period, following which fish received either
a blank (silastic or cocoa butter, sham treatments), RU-486 (50 or
100 Ìg/g BW) or metyrapone (100 or 200 Ìg/g BW) i.p. implant (n =
10–13). Food intake was then assessed daily over the following 72 h.

Experiment 4: Effects of ·-Helical CRH9–41 i.c.v. Implants on
RU-486- and Metyrapone-Induced Changes in Food Intake. Once
acclimated and fed for 72 h in their experimental aquaria, fish were
given either a sham or ·-helical CRH(9–41) (300 ng/g BW) cocoa but-
ter i.c.v. implant. The i.c.v. injection was followed immediately with
either a sham (silastic or cocoa butter), RU-486 (100 Ìg/g BW) or
metyrapone (200 Ìg/g BW) i.p. implant (n = 8–12). Food intake was
then assessed daily over the following 72 h. In a separate trial, food
intake was assessed over a 72-hour interval in fish given either a
sham or ·-helical CRH(9–41) (300 ng/g BW) cocoa butter i.c.v.
implant followed immediately by a sham cocoa butter i.p. implant
(n = 9).

Experiment 5: Effects of RU-486 and Metyrapone i.p. Injections
on Plasma Cortisol and CRH and UI mRNA Levels in the Telence-
phalon-Preoptic and Hypothalamic Brain Regions. Eight groups of 12
fish each were adapted for a 3-week period to individual 80-liter
fiberglass tanks. After this acclimation period, three groups of fish
each received either a blank (sham treatment) or RU-486 (100 Ìg/g
BW) i.p. silastic implant between 10.00 and 11.00 a.m. Immediately
prior to the implantation of the sham and RU-486 groups, two con-
trol groups were terminally anesthetized (1 g/l MS-222) for collection
of blood and brain tissues. Two control groups were sampled to
assess for potential tank effects between groups. Twenty-four, 48 and
72 h after receiving the implants, the sham- and RU-486-treated
groups were sampled. Brains were obtained by decapitation and
regionally dissected to determine the expression levels of CRH and
UI mRNAs in the hypothalamus and telencephalon-preoptic region.
Blood was collected and centrifuged as in experiment 1, and the sepa-
rated plasma was stored at –20°C for later analysis of cortisol. In a
second trial, eight more groups of 12 fish each were acclimatized as
above. Three groups were implanted intraperitoneally with cocoa
butter (sham treatment), three with metyrapone (200 Ìg/g BW) and
two were left undisturbed and used as controls. Using the same sam-
pling regime as above, blood and brain tissues were collected from
these fish to assess the effects of metyrapone on plasma cortisol and
on CRH and UI gene expression.

Statistics
All data are presented as means B SEM. Differences among

treatments were assessed by a one-way analysis of variance
(ANOVA) followed by pairwise Student-Newman-Keuls multiple
comparison test. The statistical significance of the observed effects of
an injection within a treatment was tested using a one-way ANOVA
followed by Dunnett’s multiple comparison test to compare the
preinjection control data point with values at subsequent times.

Fig. 1. Effects of a saline, r/hCRH and c/gUI i.c.v. injection on food
intake (A) and plasma cortisol concentrations (B) in goldfish (n =
10–14). Fish received food 30 min after i.c.v. injection and food
intake was assessed over a 120-min period. Plasma samples assayed
for their cortisol content were taken at the end of the food intake trial,
2.5 hour after i.c.v. injection. Bars that do not share a common letter
are significantly different from each other as determined by one-way
ANOVA and by pairwise Student-Newman-Keuls test (p ! 0.05).
Values are means B SEM.

Comparison of the potency [half-maximal effective dose (ED50) val-
ues] of c/gUI and r/hCRH in suppressing food intake was assessed by
an analysis of covariance to test for parallelism and differences
between regression slopes of Hill plots. The significance level for all
statistical tests was p ! 0.05.

Results

Experiment 1: Effects of UI and CRH i.c.v. Injections
on Food Intake and Plasma Cortisol
Relative to the effects of i.c.v. saline injection on appe-

tite, both c/gUI and r/hCRH i.c.v. injections suppressed
food intake in a dose-dependent manner, with significant
effects being observed at dosages of 2 ng/g BW and higher
(fig. 1A). Overall, the Hill plots of figure 2 demonstrate
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Fig. 2. Hill plots demonstrating the ED50 of r/hCRH (ED50 =
43.1 ng/g BW) and c/gUI (ED50 = 3.8 ng/g BW) i.c.v. injections on
food intake (FI) in goldfish. Regression analysis and test for parallel-
ism (analysis of covariance) indicates that UI was significantly (p !
0.05) more potent than CRH in suppressing food intake.

that c/gUI (ED50 = 3.8 ng/g BW) is significantly more
potent than r/hCRH (ED50 = 43.1 ng/g BW) in producing
anorectic effects. UI and CRH i.c.v. injections also elicit-
ed increases in plasma cortisol relative to i.c.v. saline
injections (fig. 1B). However, unlike the differences in
potency between UI and CRH on food intake, both pep-
tides were equipotent in stimulating an increase in plasma
cortisol and higher doses of either peptide were required
to elevate plasma cortisol than to decrease appetite.

Experiment 2: Effects of ·-Helical CRH(9–41) i.c.v.
Injections on UI- and CRH-Induced Changes in Food
Intake and Plasma Cortisol
The i.c.v. injection of the CRH receptor antagonist, ·-

helical CRH(9–41) (100 ng/g BW), in combination with
either UI or CRH (10 ng/g BW), prevented the UI- and
CRH-induced suppression of food intake (fig. 3A). Rela-
tive to the amount of food eaten by undisturbed control
fish, administration of ·-helical CRH(9–41) alone reversed
the decrease in food intake elicited by i.c.v. injection of
saline. The ·-helical CRH(9–41) i.c.v. injection partially,
but not significantly, reduced the increase in plasma corti-
sol elicited by either central UI or CRH injection, and did
not prevent the rise in plasma cortisol associated with
i.c.v. injection of saline alone (fig. 3B).

Experiment 3: Effects of RU-486 and Metyrapone i.p.
Injections on Food Intake
While basal food consumption was not affected by i.p.

injection of a sham silastic implant, goldfish treated with

Fig. 3. Effects of a saline, r/hCRH (10 ng/g BW) and c/gUI (10 ng/g
BW) i.c.v. injection on food intake (A) and plasma cortisol concen-
trations (B) in goldfish (n = 12–15). Fish were untreated (control) or
injected i.c.v. with saline, CRH or UI alone, or in combination with
the CRH receptor antagonist, ·-helical CRH(9–41) (100 ng/g BW).
Assessment of food intake and plasma cortisol levels was carried out
as in figure 1. Bars that do not share a common letter are significantly
different from each other as determined by one-way ANOVA and by
pairwise Student-Newman-Keuls test (p ! 0.05). Values are means B
SEM.

implants of the glucocorticoid receptor antagonist, RU-
486, were characterized by a sustained (72 h) and dose-
dependent reduction in food intake (fig. 4A). Similarly,
implants of the cortisol synthesis inhibitor, metyrapone,
elicited a marked and sustained (48–72 h) decrease in
appetite in comparison to sham cocoa butter-implanted
goldfish (fig. 4B). In general, the appetite-suppressing ef-
fects of RU-486 and metyrapone i.p. injections were most
acute 24 h after implantation and lessened over time
(fig. 4A, B).
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Fig. 4. Time course of changes in food intake in goldfish given an i.p.
sham silastic implant (n = 10) or an implant of the glucocorticoid
receptor antagonist, RU-486 (n = 12 for the 50 and 100 Ìg/g BW
doses) (A) or an i.p. sham cocoa butter implant (n = 11) or an implant
of the cortisol synthesis inhibitor, metyrapone (n = 13 and 12 for the
100 and 200 Ìg/g BW doses, respectively) (B). Food intake was
assessed daily over a 120-min period. Implants were given imme-
diately after assessment of food intake at time 0. Treatments that do
not share a common letter for a given time are significantly different
from each other as determined by one-way ANOVA and by pairwise
Student-Newman-Keuls test. * p ! 0.05 compared to the 0-min
preinjection control value for a given treatment as determined by
one-way ANOVA and by Dunnett’s multiple comparison test. Values
are means B SEM.

Experiment 4: Effects of ·-Helical CRH(9–41) i.c.v.
Implants on RU-486- and Metyrapone-Induced
Changes in Food Intake
Whereas sham i.p. implants had no effect on basal food

intake (fig. 4A, B), central injection of a sham cocoa but-
ter implant prior to a sham i.p. implant elicited a marked

Fig. 5. Time course of changes in food intake in goldfish given differ-
ent treatments. A Fish were sequentially given a combination of ei-
ther i.c.v. and i.p. sham implants (n = 10), an i.c.v. sham implant and
an RU-486 (100 Ìg/g BW) implant (n = 9), or an i.c.v. implant of the
CRH receptor antagonist, ·-helical CRH(9–41) (300 ng/g BW), and an
i.p. RU-486 (100 Ìg/g BW) implant (n = 8). B Fish were given either
i.c.v. and i.p. sham implant (n = 12), an i.c.v. sham implant and an
i.p. metyrapone (200 Ìg/g BW) implant (n = 11), or an i.c.v. implant
of ·-helical CRH(9–41) (300 ng/g BW) and an i.p. metyrapone (200
Ìg/g BW) implant (n = 8). Assessment of food intake and injection of
implants were carried out as described for figure 4. Treatments that
do not share a common letter for a given time are significantly differ-
ent from each other as determined by one-way ANOVA and by pair-
wise Student-Newman-Keuls test. * p ! 0.05 compared to the 0-min
preinjection control value for a given treatment as determined by
one-way ANOVA and by Dunnett’s multiple comparison test. Values
are means B SEM.

reduction in basal food consumption (fig. 5A, B, 6). In
general, among the fish treated with an RU-486 (100 Ìg/g
BW) or a metyrapone (200 Ìg/g BW) implant in experi-
ments 3 and 4, those first given a sham i.c.v. cocoa butter
implant had lower food intake (fig. 4, 5). Pretreatment
with central implants of ·-helical CRH(9–41) (300 ng/g
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Fig. 6. Time course of changes in food intake in goldfish sequentially
given an i.c.v. and i.p. sham implant (n = 9) or an i.c.v. implant of the
CRH receptor antagonist, ·-helical CRH(9–41) (300 ng/g BW), and an
i.p. sham implant (n = 9). Assessment of food intake and injection of
implants were carried out as described for figure 4. Treatments that
do not share a common letter for a given time are significantly differ-
ent from each other as determined by Student’s t test. * p ! 0.05 com-
pared to the 0-min preinjection control value for a given treatment as
determined by one-way ANOVA and by Dunnett’s multiple compar-
ison test. Values are means B SEM.

BW) partially reversed the appetite-suppressing effects of
i.p. RU-486 (fig. 5A) and metyrapone (fig. 5B). While fish
treated with the combined sham i.c.v. RU-486 or metyra-
pone i.p. implants experienced a chronic reduction in
food intake, fish first given an i.c.v. implant of ·-helical
CRH(9–41) prior to the RU-486 or metyrapone i.p. injec-
tion were characterized by a more transient reduction in
food intake that paralleled the changes observed in the
i.c.v./i.p. sham-treated fish (fig. 5A, B). Finally, central ·-
helical CRH(9–41) pretreatment caused a significant rever-
sal, which was complete by 48 h, of the hypophagia
induced by the combined sham i.c.v./i.p. treatment
(fig. 6).

Experiment 5: Effects of RU-486 and Metyrapone i.p.
Injections on Plasma Cortisol and CRH and UI
mRNA Levels in the Telencephalon-Preoptic and
Hypothalamic Brain Regions
No significant differences were observed between the

two control groups in terms of the preinjection plasma
cortisol values and the levels of CRH and UI mRNA.
Therefore, the values from the two control groups were
combined for statistical analysis.

Fig. 7. Time course of changes in plasma cortisol in goldfish given
different treatments. A Fish were given either a sham silastic implant
(n = 12) or an implant of the glucocorticoid receptor antagonist, RU-
486 (100 Ìg/g BW; n = 12). B Fish were given either a sham cocoa
butter implant (n = 12) or an implant of the cortisol synthesis inhibi-
tor, metyrapone (200 Ìg/g BW; n = 12). Treatment that do not share a
common letter for a given time are significantly different from each
other as determined by Student’s t test. * p ! 0.05 compared to the
0-min preinjection control value (n = 24) as determined by one-way
ANOVA and by Dunnett’s multiple comparison test. Values are
means B SEM.

Relative to the time 0 control value, injection of either
silastic (fig. 7A) or cocoa butter (fig. 7B) implants had no
effect on resting plasma cortisol concentrations. Fish
treated with the RU-486 implants were characterized by
an acute elevation in plasma cortisol that peaked 24 h
after the implant procedure and returned to basal levels
72 h later (fig. 7A). In contrast, metyrapone implants
chronically suppressed resting plasma cortisol levels over
the 72-hour duration of the experiment (fig. 7B).

CRH and UI mRNA levels in the telencephalon-
preoptic and hypothalamic brain regions of goldfish were
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Fig. 8. Time course of changes in CRH
(A, C) and UI (B, D) mRNA levels in the
telencephalon-preoptic (TEL-POA; A, B)
and hypothalamic (HYP; C, D) brain regions
of goldfish given either a sham silastic im-
plant (n = 12) or an implant of the glucocorti-
coid receptor antagonist, RU-486 (100 Ìg/g
BW; n = 12). Treatments that do not share a
common letter for a given time are signifi-
cantly different from each other as deter-
mined by Student’s t test. * p ! 0.05 com-
pared to the 0-min preinjection control value
(n = 24) as determined by one-way ANOVA
and by Dunnett’s multiple comparison test.
Values are means B SEM.

not altered by either silastic (fig. 8) or cocoa butter (fig. 9)
sham i.p. implants. Meanwhile, both RU-486 (fig. 8) and
metyrapone (fig. 9) implants elicited significant increases
in CRH and UI gene expression in the telencephalon-
preoptic and hypothalamic brain regions, respectively.
Overall, relative to their respective sham treatments, the
RU-486- and metyrapone-elicited increases in telence-
phalon-preoptic CRH gene expression were more pro-
nounced and sustained over a longer period of time than
the increases in hypothalamic UI gene expression. In con-
trast, RU-486 (fig. 8) and metyrapone (fig. 9) implants
had no effect on CRH and UI gene expression in the
hypothalamic and telencephalon-preoptic brain regions,
respectively.

Discussion

Results from the present study provide the first evi-
dence that UI is a potent anorectic peptide in fish. Admin-
istered in the brain’s third ventricle, homologous UI pro-
duces appetite-suppressing effects that are significantly
more potent than those of r/hCRH. Moreover, an endoge-
nous role for CRH-related peptides in the control of appe-
tite is suggested by the effects of the CRH antagonist ·-
helical CRH(9–41) in reversing the reduction in food intake
induced by pharmacological treatments that elevate cen-
tral CRH and UI gene expression and by stress.

In agreement with studies carried out on rats [14–16,
18], central injections of UI in goldfish suppressed food
intake in a dose-related manner. The low doses of UI
(2 ng/g BW) required to reduce feeding in goldfish and the
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Fig. 9. Time course of changes in CRH
A, C) and UI (B, D) mRNA levels in the tele-
ncephalon-preoptic (TEL-POA; A, B) and
hypothalamic (HYP; C, D) brain regions of
goldfish given either a sham cocoa butter
implant (n = 12) or an implant of the cortisol
synthesis inhibitor, metyrapone (200 Ìg/g
BW; n = 12). Treatments that do not share a
common letter for a given time are signifi-
cantly different from each other as deter-
mined by Student’s t test. * p ! 0.05 com-
pared to the 0-min preinjection control value
(n = 24) as determined by one-way ANOVA
and by Dunnett’s multiple comparison test.
Values are means B SEM.

ability of ·-helical CRH(9–41) to antagonize these effects,
suggest that the appetite-suppressing actions of UI i.c.v.
injections are specifically mediated through central mech-
anisms involving CRH receptors. Therefore, in addition
to the proposed role of hypothalamic UI in the regulation
of adrenocorticotropic hormone (ACTH) and thyrotropin
secretion from the pituitary [37, 38], our results suggest
that central UI may also be involved in the hypothalamic
regulation of food intake in fish.

The anorectic effects of CRH i.c.v. injections observed
in this study and their reversal by ·-helical CRH(9–41)

coinjection concur with the earlier reports of De Pedro et
al. [22, 25] and together suggest that CRH may be
involved in the regulation of food intake in goldfish.
Overall, the dose-dependent decrease in goldfish food
intake recorded in this study with doses of r/hCRH rang-

ing from 2 to 200 ng/g BW (approximately 0.1–10 Ìg) is
similar to the effects that r/hCRH i.c.v. injections have on
food intake in rats [1]. In contrast, De Pedro et al. [22]
found that only intracranial doses of oCRH 61 Ìg (ap-
proximately 150 ng/g BW) and !3.3 Ìg inhibited the food
consumption of goldfish. While the discrepancies be-
tween this study and that of De Pedro et al. [22] are likely
the result of methodological differences in the administra-
tion of the drugs, they may also result from differences in
the affinity of the CRH peptides administered for the
CRH receptors of goldfish. For example, r/hCRH binds
with a significantly higher affinity than oCRH to both
CRH1 and CRH2 receptor subtypes in Xenopus laevis
[39]. In addition, goldfish CRH shares a much greater
degree of sequence identity with r/hCRH (92%) than with
oCRH (78%) [30].
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Interestingly, although peripheral administration of
CRH does not affect food intake in either goldfish or rats
[1, 22, 25], peripheral injection of UI decreases food
intake in the latter [15]. Similarly, although peripheral
injection of CRH can decrease food intake in mice, this
effect is much weaker than that induced by urocortin [40].
In mice, the potent anorectic effect of i.p. administered
urocortin is associated with a sharp reduction in the rate
of gastric emptying [40]. Given the distinct UI-synthesiz-
ing caudal neurosecretory system of fish and the diverse
array of regulatory functions attributed to urophyseal UI
[41–43], a potential role for peripheral UI in the regula-
tion of food intake in fish merits future consideration.

Overall, i.c.v. c/gUI was significantly more potent than
i.c.v. r/hCRH in inhibiting food intake in goldfish. This
result corroborates previous observations that UI has a
higher potency than CRH in suppressing appetite in rats
[15–17], but also contrasts with another study in rats that
reported similar hypophagic effects for all CRH-related
peptides [18]. Since the 41-amino acid sequences of gold-
fish CRH and r/hCRH differ by only three nonpolar ami-
no acid substitutions [30], the anorectic actions of i.c.v.
r/hCRH in goldfish are likely to reflect the effects of the
homologous peptide. In mammals, the higher affinity of
UI for the CRH2 receptor with respect to CRH [20] has
been proposed as a potential mechanism to account for
the differential appetite-suppressing effects of i.c.v. UI
and CRH [16]. Similarly, although very little is known
about the molecular structure and pharmacological prop-
erties of the CRH receptors in fish [44, 45], our results
suggest that the CRH receptor subtype responsible for
mediating the anorectic effects of CRH-related peptides
in goldfish may be selective for different CRH-related
ligands.

As previously observed in goldfish [25] and mammals
[46], relative to an injection of saline alone, i.c.v. adminis-
tration of CRH increased plasma cortisol levels in this
study. Similar to the effects of i.c.v. infusions of urocortin
in rats [6], central injections of UI also activated the HPI
axis in goldfish. In contrast to the differential effects of
CRH-related peptides in inhibiting food intake (see
above), both UI and CRH i.c.v. injections increased plas-
ma cortisol levels with equal potency. These results may
seem at odds with the observation that sucker UI has a
significantly greater ACTH-releasing activity than either
sucker CRH, r/hCRH or oCRH in superfused goldfish
anterior pituitary cell columns [44]. However, evidence
from studies on rats suggests that i.c.v. injections of CRH
stimulate pituitary ACTH release indirectly via an activa-
tion of CRH neurons in the paraventricular nucleus [47].

Therefore, since the effects of UI and CRH i.c.v. injec-
tions on the neuronal activity of the hypophysiotropic
tract of fish are not known, we cannot dismiss the possi-
bility that i.c.v. injections of either UI or CRH stimulate
the HPI axis through a common neuronal pathway. None-
theless, the increases in plasma cortisol levels elicited by
central injections UI and CRH, and their partial reversal
by ·-helical CRH(9–41) coadministration, suggest that both
peptides may be involved in the hypothalamic regulation
of the HPI axis in goldfish. Whether the distinct CRH and
UI neuronal populations of the goldfish brain differential-
ly regulate the HPI axis [44], and whether endogenous
CRH and UI are released in response to different stimuli,
remains to be established.

As a means to investigate the potential effects of
endogenous UI and CRH in the regulation of food intake,
we treated goldfish with either RU-486 or metyrapone to
remove the negative feedback action of cortisol and stim-
ulate the activity of the CRH- and UI-synthesizing neu-
rons of the brain. Accordingly, we observed that i.p.
administration of RU-486 and metyrapone both led to a
chronic increase in CRH and UI gene expression in the
telencephalon-preoptic and hypothalamic brain regions
of the goldfish brain, respectively. As indicated by their
effects on the circulating levels of plasma cortisol, the i.p.
implants of RU-486 and metyrapone stimulated the ac-
tivity of CRH- and UI-synthesizing neurons via different
modes of action. As previously observed in fish [48],
metyrapone, an inhibitor of 11ß-hydroxylase enzymatic
activity [49], blocked the negative glucocorticoid feed-
back mechanism by inhibiting cortisol synthesis. On the
other hand, RU-486, a potent glucocorticoid receptor
antagonist in both fish and mammals [50, 51], led to a
temporary cortisol hypersecretion by counteracting the
negative feedback action of cortisol on the HPI axis [30].

The RU-486- and metyrapone-elicited regional differ-
ences in the regulation of CRH and UI gene expression
observed in this study concur with our earlier finding that
i.p. RU-486 treatment increases CRH gene expression in
the telencephalon-preoptic region without affecting the
CRH mRNA levels in the hypothalamus [30]. Similarly,
immunohistochemical studies have previously shown
that i.p. metyrapone treatment specifically enhances the
secretory activity of UI neurons in the nucleus lateral
tuberis of the goldfish hypothalamus [28] and the activity
of CRH neurons in the nucleus preopticus of goldfish, cat-
fish and eels [29, 52, 53]. So, while the genes for UI and
CRH are broadly expressed in the brain of goldfish [30],
available evidence suggests that only specific brain sites
may be affected by manipulations of glucocorticoid sta-
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tus. Furthermore, since RU-486 implants induce a
marked elevation in plasma cortisol, our results suggest
that the CRH neurons of the hypothalamus and the UI
neurons of the telencephalon-preoptic brain region may
not behave as hypophysiotropic neurons involved in the
control of the HPI axis in goldfish. Although our data sug-
gest that the RU-486 and metyrapone i.p. treatments
stimulated CRH gene expression in the telencephalon-
preoptic brain region to a greater extent than UI gene
expression in the hypothalamus, comparisons between
different brain regions may mask more dynamic changes
taking place at the level of specific nuclei. Independently
of potential differences in the glucocorticoid-mediated
regulation of UI and CRH gene expression in different
regions of the goldfish brain, our results clearly demon-
strate that counteracting the negative feedback action of
cortisol leads to an increase in CRH and UI gene expres-
sion in goldfish.

Parallel to their stimulatory effects on CRH and UI
gene expression in the goldfish brain, RU-486 and mety-
rapone i.p. implants chronically decreased food intake in
a dose-dependent manner in this study. This is in agree-
ment with the finding of De Pedro et al. [25], who
reported that i.p. injection of metyrapone acutely reduced
food intake in goldfish. Similarly, the ingestive behavior
of rats is inhibited following treatment with metyrapone,
RU-486 or adrenalectomy [9, 13, 54]. Since these treat-
ments are known to stimulate UI (as shown in this study)
and CRH gene expression (as shown in this study) [55,
56], an increase in endogenous CRH-related peptide syn-
thesis may seem a likely explanation to account for the
anorectic effects of these treatments. Accordingly, the
ability of the CRH receptor antagonist ·-helical CRH(9–41)

to attenuate the reduction in food intake associated with
the RU-486 and metyrapone i.p. implants suggests an
involvement of endogenous CRH-related peptides in me-
diating the anorectic effects of these treatments in gold-
fish. Because ·-helical CRH(9–41) blocks the anorectic
effects elicited by both UI and CRH i.c.v. injections in
goldfish, the individual contribution of UI and CRH to
the overall regulation of food intake following RU-486
and metyrapone treatment cannot be determined with the
current experimental design. Furthermore, investigations
are needed to determine whether the CRH and UI neu-
rons involved in the control of food intake are the same as
those involved in the control of the HPI axis.

Among the fish given an i.c.v. implant of ·-helical
CRH(9–41), those treated with either RU-486 or metyra-
pone experienced a greater reduction in food intake than
the fish that received a sham i.p. implant. Therefore,

although a part of the reduction in food intake elicited by
the RU-486 and metyrapone treatments may be mediated
by endogenous CRH-related peptides, our results also
suggest that CRH- and UI-independent pathways may
account in part for the anorectic effects associated with
the loss of negative feedback by glucocorticoids. In mam-
mals, glucocorticoids, by enhancing various elements of
different orexigenic pathways, can increase appetite inde-
pendently of CRH [13]. Therefore, although the role of
cortisol in the control of food intake in fish has yet to be
clearly defined and the potential interaction of cortisol
with orexigenic pathways has not been explored, our
results raise the possibility that cortisol may be involved
in fish appetite regulation independently of CRH and
UI.

Findings from this study also suggest a role for endoge-
nous CRH-related peptides in goldfish in mediating the
attenuation of food intake induced by stress. Relative to
undisturbed controls, fish given an i.c.v. injection of
saline were characterized by a significant reduction in
food intake and an increase in plasma cortisol. Since ele-
vated plasma cortisol levels are considered a reliable indi-
cator of stress in fish [57], our data suggest that the com-
bined anesthetic and i.c.v. procedure used in this study
elicited a stress response. Similarly, while i.p. administra-
tion of sham implants did not affect resting plasma corti-
sol levels and basal food intake, the chronic appetite
reduction observed in fish given the combined i.c.v. and
i.p. sham implants suggests that the i.c.v. placement of
cocoa butter implants was stressful. The ability of the
antagonist ·-helical CRH(9–41) to reverse the hypophagic
effects associated with an i.c.v. injection of saline and an
i.p. implant of cocoa butter, suggests that endogenous
ligands for CRH receptors play a functional role in
mediating the impact of stress on appetite. While similar
results have been observed in rats [5, 7], and a reduced
appetite is often mentioned as a characteristic of the stress
response in fish [58], our results provide original evidence
that endogenous CRH-related peptides play a role in
stress-induced anorexia in nonmammalian vertebrates.

Available evidence suggests that CRH-related peptides
may be involved in a wide variety of appetite-regulating
pathways. In goldfish, adrenergic and dopaminergic re-
ceptor blockade experiments suggest that CRH may me-
diate its anorexic effect via interactions with central cate-
cholaminergic pathways [25, 59]. CRH may also mediate
part of the anorectic effect of serotonin in goldfish, as ·-
helical CRH(9–41) pretreatment partially prevents the ap-
petite-suppressing effect of serotonin [60]. In mammals,
CRH inhibits feeding induced by neuropeptide Y and
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mediates at least a part of the anorexigenic effects of bom-
besin, leptin and possibly serotonin [2, 61]. While it
remains to be seen whether both UI and urocortin interact
as extensively as CRH with other appetite-regulating
pathways, the greater potency of UI and urocortin as
anorectic agents than CRH suggests that they may.

In summary, results from the present study show that
both UI and CRH are potent anorexic peptides in the
brain of goldfish and suggest that endogenous CRH-relat-
ed peptides play a physiological role in the control of food
intake. Moreover, our findings demonstrate that CRH-
related peptides are involved in mediating the anorexic
effects of stress in fish. Although i.c.v. injections of UI are
more potent than injections of CRH in reducing appetite,
whether this difference reflects a differential role for
CRH-related peptides in the regulation of food intake in

fish awaits future investigations. Overall, the regulation of
food intake in fish, as in mammals, is under multifactorial
control involving a complex network of orexigenic and
anorexigenic neuronal pathways [62]. Evidence presented
in this paper implicates endogenous CRH-related pep-
tides as important agents in the neuronal network respon-
sible for the regulation of appetite in fish.
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