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Abstract

The regulation of feed intake is very complex and in-
volves interaction among the circadian and homeo-
static control systems within the central nervous
system, the gastrointestinal tract and the environ-
ment. The hypothalamus, which receives, integrates
and transmits relevant internal and external signals,
is recognized as the primary centre of regulation of
feed intake. The neuroendocrine factors that origi-
nate from the hypothalamus either stimulate or inhi-
bit feed intake so that nutritional demands of the
organism can be ful¢lled and energy balance can be
achieved. Appetite regulation is a physiological me-
chanism in which a variety of neurohormones inter-
act and ¢sh show di¡erent feeding behaviour (e.g.
diurnal, nocturnal). This complicated system is very
sensitive to any disturbance. Fish in farms and ¢sh in
a natural environment are equipped with the same
combination of neurohormones to regulate feed in-
take, but they meet di¡erent challenges, particularly
with regard to the type of feed and feeding schedule.
In this review, the neurohormonal regulation of feed
intake is analysed in ¢sh in terms of entrainment of
their circadian feeding rhythms and while exposed
to di¡erent stressors in captivity.

Keywords: neurohormones, brain mechanisms,
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Introduction

The regulation of feeding requires interaction among
the central nervous system (CNS), the gastrointest-

inal tract (GIT) and the environment. In vertebrates,
including ¢sh, the hypothalamus is the primary cen-
tre of regulation of feed intake.The hypothalamus re-
ceives, integrates and transmits relevant internal and
external signals (Naslund & Hellstrom 2007). The
neuroendocrine factors that originate from the hy-
pothalamus either stimulate or inhibit feed intake in
¢sh. They have been reviewed at length in many pa-
pers (Lin,Volko¡, Narnaware, Bernier, Peyon & Peter
2000; Volko¡, Canosa, Unniappan, Cerda-Reverter,
Bernier, Kelly & Peter 2005; Gorissen, Flik & Huising
2006;Volko¡ 2006;Volko¡ & Peter 2006) and, there-
fore, here they are only brie£y presented. There are
still many issues concerning the circadian and
neurohormonal regulation of feeding, which should
be discussed, and this paper deals with some of
them, speci¢cally relevant to intensive ¢sh farming
in captivity.
It is clear that most ¢sh do not feed continuously

during 24 h, but display particular day/night rhyth-
mic patterns. Although a few species that consume
low-energy food, such as grass carp (Ctenopharyngo-
don idella), may need to forage almost continuously to
obtain the energy they need, distinct feeding
rhythms are widespread in ¢sh. Such temporal orga-
nization of feeding behaviour has evolved under the
in£uence of cyclic selective forces. Indeed, most phy-
siological and behavioural functions show rhythms
directed by a biological clock, which enables animals
to anticipate cyclic events in their environment and
mount an appropriate response (Pittendrigh 1993).
Several reviews of rhythmicity in ¢sh reported in
a number of species the existence of consistent
patterns, in some cases with diurnal ¢sh becoming
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nocturnal and vice versa at a certain time (Thorpe
1978; Ali 1992). At ¢rst, such dualism in the phasing
of daily rhythms was believed to be species depen-
dent and associated with ¢sh living at high latitudes.
However, soon after other species living in temperate
regions were reported to exhibit £exibility in their
daily rhythms. For instance, sea bass brought from
sea cages to laboratory tanks and kept singly or in
groups displayed either diurnal or nocturnal feeding
rhythms (SaŁ nchez-VaŁ zquez, Madrid, & Zamora1995).
Most strikingly, the same individuals could shift their
phasing, under constant laboratory conditions, with-
out apparent changes in their environment. Dual
phasing of daily feeding rhythms has also appeared
in gold¢sh Carassius auratus, which mostly feed dur-
ing daytime, but sometimes maychange one to night-
time. However, not all ¢sh are equipped with the dual
feeding strategy, and some species show simpler feed-
ing rhythms. Some ¢sh, for instance, have a more ri-
gid feeding phase constrained by their sensory
capacity: visual feeders (e.g. trout) tend to be diurnal,
while ¢sh with poor vision (e.g. cat¢sh) are mostly
nocturnal. Reebs (2002) and Madrid, Boujard and
SaŁ nchez-VaŁ zquez (2001) provide further examples of
the plasticity of the ¢sh feeding patterns.
Fish in farms and ¢sh in a natural environment

show no di¡erences in neurohormones that regulate
feed intake, but they meet di¡erent challenges.Wild
¢sh have their own pattern of feeding: some eat al-
most continuously while some, especially predators,
may feed intermittently with periods of enforced fast-
ing. In ¢sh, cold-blooded poikilotherms, the patterns
of activity and metabolic requirements strongly de-
pend on environmental temperature and are re-
£ected in the frequency of feeding. A relationship
between feeding rhythms and either temperature or
photoperiod has been demonstrated in many ¢sh
species. The marked changes in appetite also depend
on life-history events. For instance, juvenile salmon
become naturally anorectic, eating little for weeks in
the winter, while maturing salmon show a peak in
appetite in spring, when nutrients for migration and
spawning are accumulated (Kadri,Thorpe &Metcalfe
1997). Fish also have the capacity to select a diet re-
lated to their speci¢c nutritional demand. Nutrient
requirements of young growing ¢sh and adult ones,
during spawning and out of the breeding season, are
also di¡erent. On the other hand, farmed ¢sh are fed
arti¢cial diets and the farmer controls the timing
of supply. Wild ¢sh naturally experience a variety
of adverse conditions, such as attacks of predators or
conspeci¢cs, starvation, exposure to poor water

quality, etc. Similarly, ¢sh in aquaculture are sub-
jected to many unfavourable conditions, but they
are di¡erent from that in a natural environment, for
instance, crowding, which induces aggressiveness
within a group, disturbing and handling, unnatural
light^dark regimes. All of these strongly a¡ect feed-
ing behaviour.
This paper focuses on the analysis of the chrono-

biological and homeostatic regulation of feed intake
in ¢sh during exposure to stress and the entrainment
of circadian feeding rhythms. Such an approach of-
fers a new insight into feed intake control in ¢sh in
captivity, especially while subjected to stress and
¢xed scheduled feeding.

Major substances involved in the
regulation of feed intake

It is established that the hypothalamus is a major site
of the control of feed intake in the brain. As earlyas in
the1970s, electric stimulation of inferior lobes of the
hypothalamus, ventral telencephalon and the optic
tectumwas shown to elicit a strong feeding response
in several ¢sh species (Demski & Knigge1971; Demski
1973; Roberts & Savage 1978). It was also suggested
that the input from the telencephalon and the optic
tectum could activate hypothalamic centres and
evoke feeding behaviour. The hypothalamus is con-
tinuously informed about the nutritional, energetic
and environmental status of the organism through
peripheral and central orexigenic and anorexigenic
messages. The peripheral feedback signals, including
nervous inputs, GIT peptides, leptin, cortisol, glucose
and insulin, are integrated by the feeding centre in
the hypothalamus. Neuropeptides and monoamines
convey the major central signals.
In the 1990s, a number of ¢sh appetite-regulating

peptides, homologous to those in mammals, have
been identi¢ed (for a review, see Lin et al. 2000;Volk-
o¡ et al.2005;Volko¡ 2006;Volko¡ & Peter 2006). Most
of them have been found in both the brain and the
GIT. Until now, many peptides have been isolated or
their amino acid sequence has been deduced from
cloned cDNA sequences. These peptides include both
the orexigenic and the anorexigenic factors.
Neuropeptide Y (NPY)-related peptides are the

most potent central enhancers of appetite in ¢sh.
Neuropeptide Y neurones are widely distributed
in the CNS and NPY-immunoreactive ¢bres have
been identi¢ed in the pituitary and GITof many ¢sh
species (for a review, see Volko¡ et al. 2005; Volko¡
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2006).The highest levels of NPYmRNAare present in
the telencephalon-preoptic region, in the hypothala-
mus and the optic tectum thalamus in gold¢sh (Nar-
naware, Peyon, Lin & Peter 2000). In chinook
salmon, fasted for prolonged periods of time, an in-
creased NPY-like gene expression was found in the
preoptic area (POA) of the hypothalamus (Silverstein,
Breininger, Baskin & Plisetskaya 1998). Also in gold-
¢sh, food deprivation resulted in increased brainNPY
mRNA levels (Narnaware et al. 2000). An increase in
brain NPYwas reported as an e¡ect of 3 days of food
deprivation in gold¢sh; after re-feeding this e¡ect
was reversed (Narnaware & Peter 2001). It was also
shown in the same species that NPYgene expression,
in speci¢c brain areas, associated with control of
feeding behaviour, could be in£uenced by diet com-
position, i.e. high-carbohydrate and high-fat con-
tents. Thus, it has been proposed that NPY may be
involved not only in the control of feed intake but also
in the macronutrient choice, at least in gold¢sh (Nar-
naware & Peter 2002). However, until now, the phy-
siological mechanism of diet-selecting capacity in
¢sh remains unknown.
Orexigenic peptides, including orexin A and B, ga-

lanin, the agouti-related protein (AgRP) and ghrelin,
have been identi¢ed in teleost ¢sh (Volko¡ 2006). Or-
exins are produced bycleavage of one precursor: pre-
pro-orexin. In gold¢sh, orexin-immunoreactive cells
were reported in the telencephalon, thalamus and
hypothalamus. In zebra¢sh Danio rerio, prepro-orex-
in mRNA and orexin peptides were demonstrated in
the hypothalamus. Moreover, also in zebra¢sh, brain
levels of prepro-orexin mRNA increased after long-
term food deprivation (Novak, Jiang, Wang, Teske,
Kotz & Levine 2005). In gold¢sh, orexin Awas shown
to be more potent than orexin B in stimulation of
feeding behaviour and feed intake (Volko¡, Bjorklund
& Peter 1999). A large number of orexigenic peptides
axons were presented in direct synaptic contact with
NPY-secreted cells, thus suggesting action through
the regulation of the NPY system. Actually, it has
been demonstrated that most of the peptides interact
with NPY in the control of feed intake, but they can
also act independently. NeuropeptideYand orexin A
seem to act synergically in gold¢sh (Volko¡ & Peter
2001). Ghrelin, for instance, has not been co-loca-
lized with other appetite-regulatory peptide mRNAs,
but its mRNA is expressed in the brain region in gold-
¢sh that regulate feed intake (Unniappan & Peter
2005). The pattern of synthesis, secretion and action
of ghrelin, which have been presented in this species,
points to its importance as an orexigenic factor

(Unniappan, Canosa & Peter 2004). Also in gold¢sh,
preprogalanin mRNAwas reported in brain sites in-
volved in the regulation of feed intake (Unniappan,
CerdaŁ -Reverter & Peter 2004). The changes in its
mRNA expression are related to the feeding support
orexigenic action of the active peptide, galanin.
The orexigenic e¡ect of galanin was shown to be
mediated by a2-adrenergic receptors (De Pedro,
Cespedes, Delgado & Alonso-Bedate1995).
Many potent anorexigenic factors are also present

in ¢sh such as cholecystokinin (CCK) ^ gastrin, co-
caine and amphetamine-regulated transcript (CART)
and corticotropin-releasing factor (CRF). Cholecysto-
kinin and CART have synergistic e¡ects on feed in-
take and can modulate the actions of NPY and
orexins (Volko¡ et al. 2005). Moreover, CCKand CART
gene expression in the hypothalamus is induced by
central administration of mammalian leptin in gold-
¢sh. The leptin-like protein, whichwas recently iden-
ti¢ed in several ¢sh species, is probably an important
anorexigenic factor, similar to leptin inmammals (De
Pedro, Martinez-Alvarez & Delgado 2006). The e¡ect
of leptin on feed intake seems to be mediated, at least
in part, by CCK (Volko¡ 2006). In the 2000s, more
anorexigenic factors, including bombesin (BBS or
gastrin-releasing peptide ^ GRP), a-melanocyte-sti-
mulating hormone (a-MSH), melanin-concentrating
hormone (MCH), tachykinins and urotensin I (UI),
have been identi¢ed in teleosts (Lin et al.2000;Volko¡
et al.2005). Ingold¢sh, thea-MSH signalling pathway
seems to mediate an anorexigenic action of MCH in
the brain. This e¡ect is accompanied by decreased
synthesis of orexigenic peptides, NPY and ghrelin
(Shimakura, Miura, Maruyama, Nakamachi, Uchiya-
ma, Kageyama, Shioda,Takahashi & Matsuda 2008).
Corticotropin-releasing factor and UI, as elements of
the hypothalamus^pituitary^interrenal (HPI) stress
axis, can reduce appetite in ¢sh in response to envir-
onmental, social and physical stressors (Bernier
2006).
Besides peptides, there are other signal molecules

like hypothalamicmonoamine neurotransmitters in-
volved in the control of feed intake in ¢sh. In gold¢sh,
both norepinephrine (NE) and dopamine (DA) are
shown to be involved in the hypothalamic response
to starvation; the noradrenergic system is activated
and the dopaminergic system is inhibited by fasting
(De Pedro, Delgado & Alonso-Bedate 2001). In gold-
¢sh, feeding is centrally stimulated by NE via
a2-adrenergic receptors and reduced after stimula-
tion of a1-adrenergic, and D1 and D2 dopaminergic
receptors (De Pedro, Cespedes, et al. 1995; De Pedro,
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Delgado, Pinillos & Alonso-Bedate 1998). Serotonin
(5-hydroxytryptamine; 5-HT) is also involved in the
control of feeding behaviour in ¢sh, actingas ananor-
ectic. In rainbow trout Oncorhynchus mykiss, admin-
istration of the 5-HT-releasing agent, fen£uramine,
inhibits feed intake (Ruibal, Soengas & Aldegunde
2002). Serotonin central anorectic action may be in-
dependent or mediated, at least in part, by CRF, as
was shown in gold¢sh (De Pedro, Pinillos,Valenciano,
Alonso-Bedate & Delgado1998).
Moreover, the role of sensory inputs (oral factors)

on feed intake control should be considered. Several
mechanisms, involving both learning and physiologi-
cal processes, have been proposed. With regard to
learning processes, it has been argued that once a
food item is consumed, animals learn to associate its
orosensory properties (taste, smell and texture) with
its post-ingestive consequences. For example, if an
animal ingests a toxic food, it will develop a condi-
tioned aversion to its £avour, whereas if the post-in-
gestive e¡ects are positive, the animal will acquire a
preference for its £avour (Sclafani 2000). Such £a-
vour^nutrient associations appear to be learned
through individual experience in£uenced by paren-
tal and other social interactions. Regarding physiolo-
gical mechanisms, some authors have proposed
di¡erent innate processes to explain speci¢c appe-
tites for macronutrients, mostly in mammals. Rats
appear to have an innate preference for the taste of
some nutrients such as sugar, maltodextrins and
some types of starch, fats and proteins (Deutsch,
Moore &Heinrichs1989). Inaddition, there are exam-
ples of neurotransmitters, such as serotonin, DA,
NPYand galanin, which di¡erentially a¡ect the con-
sumptionof fats and carbohydrates (Leibowitz 2000).
The mechanisms that have been proposed for food

discrimination, whether through learning or innate
processes, assume the oropharyngeal detection of
the sensory characteristics of food. Indeed, smelling,
tasting and swallowing food is the ¢rst step to evalu-
ate its energy and qualitative composition. Thus, we
may wonder whether food intake regulation is based
exclusively on its orosensory characteristics. To avoid
the in£uence of taste and texture of the experimental
diets on food selection, a feasible methodology is that
of packaging di¡erent diets into a tasteless gelatine
capsule. This new approach has allowed us investi-
gate the in£uence of post-absorptivemetabolic e¡ects
on food selection in di¡erent ¢sh species (Rubio,
SaŁ nchez-VaŁ zquez & Madrid 2003; Almaida-PagaŁ n,
Rubio, Mendiola, De Costa & Madrid 2006). In short,
there is an evidence for post-ingestive signals (macro-

nutrient release in the stomach, its subsequent
passing through the intestine and detection by gas-
trointestinal receptors that activate nervous and/or
endocrine pathways), regardless of diet organoleptic
properties, which prompt brain centres that control
food intake and diet selection. In this review, several
studies on the e¡ects of oral administration of di¡er-
ent substances and food intake regulation using
capsule-fed ¢sh will be presented to further support
this statement.
Figure 1 summarizes the central appetite regula-

tors in ¢sh and interrelations between them. An in-
£uence of environment and peripheral regulators
complements the picture.

The biological clock that drives the
feeding rhythm

Feeding rhythm is endogenously generated by an in-
ternal timingmechanismor biological clock.Thus, as
one may expect for a true clock, in the absence of ex-
ternal time cues, circadian rhythms persist ^ free-
run ^ with its own period, deviating slightly from
the environmental cycle to which they are normally
synchronized. Self-sustained rhythms usually persist
for many days without attenuation, contrasting with
hourglass-driven rhythms that disappear quickly as
soon as external cues cease. For instance, if the feed-
ing rhythm depended exclusively on hourglass phy-
siological processes such as gastric emptying or
metabolic rate, feeding would stop under fasting con-
ditions. However, demand-feeding activity does not
diappear; hence, fasted animals keep demanding
for food at their preferred time (Madrid et al. 2001).
The circadian system of ¢sh is composed of a
central pacemaker within the brain and at least two
peripheral oscillators located in the retina and the
pineal organ.The organization of such a system is ba-
sically comparable with that of mammals and birds,
although some signi¢cant di¡erences exist. For
instance, the pineal organ of ¢sh is a direct photore-
ceptor, which contains a circadian oscillator that
controls the rhythmic secretion of melatonin (Mel)
and transduces night length into Mel rhythms
(Ekstr˛m & Meissl 1997; Falco¤ n, Besseau, Sauzet &
Boef 2007). This hormone is directly involved in
many rhythmic physiological processes (e.g. repro-
duction and development) and behaviour (e.g. feed-
ing, locomotor activity).
The circadian system of ¢sh and other vertebrates

is usually represented by a ‘master’ central pace-
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maker, which acts as a synchronizer of awide variety
of biological rhythms. Nevertheless, the existence of
one or few pacemakers has been discussed in the last
few years, suggesting that a basic timing mechanism
is widespread in the organism, and so each cell may
have its own functional circadian clock. Recent re-
search on molecular genetics revealed that this clock
is orchestrated by several clock genes, which express
transcription factors that modulate its own expres-
sion. In ¢sh, six cryptochrome, three clock and bmal,
and probably four period genes have been described
so far (for a review, see Vallone, Lahiri, Dickmeis &
Foulkes 2005). These genes show interlocking tran-
scriptional^translational feedback loops that encode
valuable timing information. Light, temperature and
feeding inputs act by setting in phase the rhythmic
expression of clock genes with entraining cycles to
enable ¢sh to anticipate and respond properly to
changes in their environment.
As discussed above, daily feeding rhythms may

show considerable £exibility in some ¢sh species,

such as sea bass, which change their diurnal/noctur-
nal feeding behaviour. Food availability restricted to
the daytime or the night-time could make a noctur-
nal ¢sh diurnal and vice versa. However, not all
¢sh react in this way, pointing to the existence of
another factor decisive for the phasing of feeding
rhythms. Apparently, sea bass show dualism
under ‘in doors’conditions, regardless of an arti¢cial
photoperiod and water temperature (Aranda, SaŁ n-
chez-VaŁ zquez & Madrid 1999). That is, ¢sh do not re-
spond passively to the manipulation of these
environmental factors. However, in another study
performed ‘out doors’ under natural conditions for a
whole year, SaŁ nchez-VaŁ zquez, Azzaydi, Mart|¤ nez,
Zamora and Madrid (1998) observed a seasonal
phase inversion phenomenon: sea bass feeding
rhythms were typically nocturnal (main peak after
dusk) during winter, and diurnal during the rest
of the year. This ¢nding indicates that some sort
of gradual, progressive change of photoperiod and
water temperature is required to trigger the phase
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Figure 1 Appetite regulators in ¢sh brain. Orexigenic factors (black letters onwhite): NE (norepinephrine), NPY (neuro-
peptide Y), orexins, galanin, AgRP (agouti-related protein) and ghrelin. Anorexogenic factors (white letters on black):
CCK/gastrin (cholecystokinin ^ gastrin), CART (cocaine and amphetamine-regulated transcript), MCH (melanin-concen-
trating hormone), MSH (melanocyte-stimulating hormone), tachykinins, melatonin (Mel), DA (dopamine) and 5-HT (ser-
otonin). Arrows, interactions between regulators and the in£uence of the environment and peripheral factors. Dotted
lines, interactions via the circulatory system.

Regulation of feed intake and response to nutrients EKulczykowska & F J SaŁ nchezVaŁ zquez Aquaculture Research, 2010, 41, 654^667

r 2010 TheAuthors
658 Journal Compilationr 2010 Blackwell Publishing Ltd, Aquaculture Research, 41, 654^667



inversions of feeding rhythms. Taken together, these
results suggest that an endogenous circa annual
clock is most likely involved in the control of the
diurnal/nocturnal feeding behaviour of this ¢sh
species.

Feeding entrainment and feed intake
control

Meal cycles have a profound e¡ect on ¢sh behaviour
and physiology. If food is provided everyday at the
same time, ¢sh will synchronize to mealtime and
develop increased activity in anticipation of the
forthcoming meal. This phenomenon is known as
feeding anticipatory activity (FAA), while feeding
entrainment is related to the internal process, which
couples meal cycles and rhythmicity. Regardless
of the lighting conditions, the behavioural pattern
of ¢sh fed a single daily meal is characterized by a
peak of activity a few hours before feeding-time,
while the activity pattern of ¢sh fed at random
hours is £at and arrhythmic. Feeding entrainment
persists during total food deprivation (¢sh main-
tain their activity around the previous mealtime),
which indicates the existence of an endogenous
circadian oscillator controlling food anticipation (for
a review, see SaŁ nchez-VaŁ zquez, Aranda & Madrid
2001).
Timed food restriction is a prerequisite for the ex-

pression of FAA; when food is constantly available,
¢sh obviously do not need to anticipate meals. In ad-
dition, a certain degree of food shortcut is required
for the expression of FAA. Signals directly related to
feeding, both pre-ingestive (e.g. foraging activity) and
post-ingestive (gut distension and nutrient absorp-
tion/metabolism), are used for feeding entrainment.
An almost empty stomach appears to be a stronger
synchronizing signal than a full one, as a reduction
in the meal size, but not in the dietary energy pro-
vided, signi¢cantly improves feeding entrainment
(SaŁ nchez-VaŁ zquez et al. 2001).
Time-restricted feeding schedules act as time cues

for temporal integration of daily rhythms. Thus, if
food is limited to certain times, most ¢sh will reset
their internal clock and synchronize to mealtime.
However, some species with more rigid feeding
rhythms may not change their pattern of behaviour
in response to ‘unnatural’ feeding schedules. For ex-
ample, tench (Tinca tinca) feed exclusively at night,
and so their activity rhythm remains strictly
nocturnal irrespective of whether food is supplied

during daytime or at night (Herrero, Madrid &
SaŁ nchez-VaŁ zquez 2005).
It is known that seasonal and circadian changes in

the environment can in£uence not only feeding be-
haviour but also dietary selection in ¢sh. In gold¢sh,
in which feeding behaviour is not con¢ned to the
light or the dark phase, there are strong timing pre-
ferences for macronutrients: carbohydrate during
the light phase, protein during the dark phase and
fat in the transition phase (Sanchez-Vazquez, Yama-
moto, Akiyama, Madrid & Tabata1998), which shows
that light is a crucial external regulator of feeding
preferences in ¢sh. Indeed, diet choice is, thus, not
random or purposeless, but it is directed to meet the
particular nutritional requirements of ¢sh. Fish will
ingest a certain macronutrient at a certain time of
the day based on its bene¢cial metabolic and physio-
logical e¡ects and will avoid those with harmful or
less positive consequences.
In mammals, when food is freely available, a light

signal entrains the circadian rhythms to the day^
night cycle via the central oscillator in suprachias-
matic nuclei (SCN). However, in restricted-feeding
animals, the food-entrainable clock operates inde-
pendently and can even override the SCN to enable
¢nding food (Fuller, Lu & Saper 2008). However, the
anatomical location of the postulated food-entrain-
able oscillator (FEO), even in well-studied mammals,
is still unknown (Davidson 2006).
In ¢sh, the pineal organ, producing Mel at night, is

a main component of the circadian system and biolo-
gical calendar, which controls rhythmic functionand
behaviour. Retinal Mel is considered, rather, as an
autocrine or a paracrine signal. Melatonin, mainly of
pineal organ origin, is released into the circulation
and the cerebrospinal £uid and regarded as an inter-
nal synchronizer. However, it is not clearwhether the
light-entrainable oscillator (LEO) of pineal and
photoperiod-linked changes in the production of Mel
in the pineal organ are involved in the regulation of
feed intake. The pineal organ in ¢sh can act as one
circadian pacemaker in a multioscillator circadian
system. In rainbow trout, for instance, the pineal or-
gan does not seem to be a central pacemaker that
controls the feeding rhythm, because the removal of
the pineal organ does not disrupt the daily feeding
rhythm (Sanchez-Vazquez, Iigo, Madrid & Tabata
2000). In gold¢sh, just a scheduled feeding has been
shown to act as a Zeitgeber (Vera, De Pedro, Gomez-
Milan, Delgado, Sanchez-Muros, Madrid & Sanchez-
Vazquez 2007). The FEO is responsible for FAA. The
existence of FEO has been presented in gold¢sh, sea
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bass, cat¢sh and rainbow trout (Sanchez-Vazquez,
Madrid, Zamora & Tabata 1997; Bolliet, Aranda &
Boujard 2001;Vera et al. 2007); however, its anatomi-
cal location is unknown. Some reports suggest that
NPYmay be a signal of anticipation in the hypothala-
mus, at least in gold¢sh (Vera et al. 2007). The antici-
patory secretion of amylase and hypothalamic NPY
was observed 2 h before feeding, but only in ¢sh fed
periodically. The anticipation is controlled endogen-
ously, because it persists after two days of fasting. In
gold¢sh, maintained on a daily scheduled feeding re-
gime, an increase in the NPYmRNA level in the tele-
ncephalon-preoptic region and in the hypothalamus
shortly before feeding has been demonstrated
(Narnaware et al. 2000). However, in general, antici-
pated feeding is scarcely explored in ¢sh. Further, the
relationship between FEO, light-entrainable pineal
oscillator and neurohormones controlling feeding
remains an unanswered question.
In ¢sh, like in other vertebrates, there are extrapi-

neal and extraretinal sites of Mel synthesis, i.e. GIT
(Kulczykowska, Kalamarz, Warne & Balment 2006;
Fernandez-Duran, Ruibal, Polakof, Ceinos, Soengas
& Miguez 2007). The synthesis of Mel by the entero-
chroma⁄n cells of the intestine depends on the pre-
sence of food in the GIT, not on the photoperiod.Thus,
a periodic feeding, not a photoperiod signal, can act
here as a potent Zeitgeber.Therefore, the cycle of food
availability and the presence of nutrients in GIT may
be an important signal for the circadian system in
¢sh.Whether GIT Mel is involved remains an open
question.
Several studies have shown that increasing the

photoperiod may result in an increased appetite in
¢sh (Taylor, North, Porter, Bromage & Migaud 2006).
Moreover, Mel may serve as an anorexigenic factor in
many ¢sh species suchas gold¢sh, tenchand sea bass
(Pinillos, De Pedro, Alonso-Gomez, Alonso-Bedate &
Delgado 2001; Rubio, Sanchez-Vazquez & Madrid
2004; Lopez-Olmeda, Sanchez-Vazquez & Madrid
2006). In gold¢sh, the GIT Mel level is high after feed-
ing, regardless of the schedule or random feeding,
but plasma Mel does not change (Vera et al. 2007).
Also, in gold¢sh, intracerebroventricularly (i.c.v.) in-
jected Mel and its agonists 2-iodomelatonin have no
e¡ect on feed intake. Thus, at least in gold¢sh, there
is no evidence that Mel produced in GIT, contributes
to a pool of circulating hormone, and as that, consti-
tutes the signal for the hypothalamic centre to inhibit
feeding. However, also in gold¢sh, the intraperitoneal
Mel and its agonist injections have been proven to be
e¡ective in inhibition of feed intake (Pinillos et al.

2001).This e¡ect is blocked by intraperitoneal admin-
istration of its antagonist, luzindole. A postprandial
increase in GIT Mel, observed in this study, may be
considered to be an anorectic peripheral signal in
the feeding regulation system (Pinillos et al. 2001).
On the other hand, in European sea bass (Dicen-
trarchus labrax), orally administered Mel, which evi-
dently reaches peripheral circulation, can reduce
the amount of food consumed in a dose-dependent
manner (Rubio et al. 2004). Thus, in this species, be-
sides Mel local action in GIT, its central anorexigenic
signalling is postulated. It is suggested that the anor-
ectic e¡ect of Mel may be coupled with that of 5-HT
(Rubio, Sanchez-Vazquez & Madrid 2006). Neverthe-
less, the orexigenic/anorexigenic e¡ect on Mel ad-
ministration may depend on the daily pattern of
behaviour of ¢sh, because Mel inhibits food intake in
gold¢sh (a mostly diurnal species), but has no e¡ect
in tench (strictly nocturnal species) (Lopez-Olmeda
et al. 2006).
Serotonin, a precursor of Mel, is known to inhibit

feed intake in gold¢sh, rainbow trout and sea bass.
The i.c.v. administration of 5-HT inhibits feed intake
in gold¢sh, but no e¡ect is observed after an intraper-
itoneal injection of the hormone (De Pedro, Pinillos,
et al. 1998). The administration of fen£uramine, a
5-HT-releasing agent, induces a short-time inhibition
of feed intake in rainbow trout, which probably is
linked to the increasing availability of 5-HT in the
serotoninergic system in the brain (Ruibal et al.
2002). On the other hand, in European sea bass, oral
administrationof 5-HTa¡ects feed intake (Rubio et al.
2006).
Thus, central, peripheral or both mechanisms of

5-HT action should be considered in di¡erent ¢sh
species. Serotonin in ¢sh, similar to that in mam-
mals, may interact with other regulatory hormones
such as insulin and CCK (Rubio et al. 2006).
Moreover, both 5-HT and Mel are involved in

macronutrient selection in ¢sh. In sea bass, orally
administered 5-HT increases protein and reduces
fat selection (Rubio et al. 2006). Also, orally adminis-
tered Mel modi¢es the pattern of macronutrient se-
lection in this species, with reduced carbohydrate
intake (Rubio et al. 2004). The mechanism by which
Mel and 5-HT reduce feed intake and in£uence selec-
tion of nutrients, still remains unknown, but some
data suggest that they may be coupled with NPY
regulation.
Figure 2 presents the factors that can a¡ect the en-

trainment of feeding rhythm in ¢sh. The relation-
ships between various elements are shown.
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Stress response, neurohormones and
feed intake control

In aquaculture, ¢sh experience a variety of adverse
conditions, i.e. crowding, handling, disturbing, con-
¢nement, aggression within the group, poor quality
of water and scheduled feeding. They react to these
challenges with a series of neuroendocrine adjust-
ments, known as the stress response. Many forms of
environmental, social and physical stresses inhibit
feed intake and a¡ect feeding behaviour, i.e. food
searching, ¢nding and capture. Appetite is one of
the easily measurable indices of ¢sh well-being, but
the mechanisms of its control in ¢sh subjected to dif-
ferent stressors are not clear.
The primary response to stress in ¢sh involves two

major neuroendocrine pathways: the hypothalamus
^autonomous nervous system^catecholamine-pro-
ducing chroma⁄n cells and the hypothalamus^
pituitary^corticosteroid-producing interrenal cells.
Corticotropin-releasing factor and UI-expressing
cells of the POA and caudal neurosecretory system
are considered to be key contributors to the regula-
tion of the stress response in ¢sh (Bernier, Alderman
& Bristow 2008). There is a growing body of evidence
indicating that both CRFand UI may be the endogen-
ous mediators of the stress-induced inhibition of
feed intake in ¢sh (Bernier & Peter 2001a; Bernier
2006). In gold¢sh, an i.c.v. injectionof CRFelicits time-
and dose-dependent inhibition in feed intake and
thus suggests that CRF may play a role in the central

regulation of feeding (De Pedro, Alonso-Go¤ mez,
Gancedo, Delgado & Alonso-Bedate1993). Intracereb-
roventricular injections of both CRF and UI, also in
gold¢sh, showa dose-dependent inhibition in feeding,
with UI being more potent (Bernier & Peter 2001b).
Di¡erent environmental and social stresses have

been shown to result in CRF mRNA increases in
POAof rainbow trout (Bernier et al.2008). Corticotro-
pin-releasing factor ¢bres secrete their contents close
to corticotrophes in the neurohypophysis, in which
adrenocorticotropin (ACTH) is produced from its pre-
cursor ^ proopiomelanocortin (POMC). Adrenocorti-
cotropin, in turn, stimulates cortisol secretion from
interrenal cells. Evidence exists that also reveals that
the POMC-derived peptides frommelanotrophs of the
neurointermediate lobe of pituitary, MSH (melano-
tropin^MSH)- and endorphin-related peptides, can
respond to stress (Flik, Klaren,Van den Burg, Metz &
Huising 2006). Moreover, the stress response of corti-
cotrophes and melanotrophs may be dependent on
the type of stressor (Mosconi, Cardinaletti, Carotti,
Palermo, Soverchia & Polzonetti-Magni 2006). In situ
hybridization studies have demonstrated the expres-
sion of POMCmRNA in the hypothalamic areas asso-
ciated with neuroendocrine regulation of feed intake
(CerdaŁ -Reverter, Schioth & Peter 2003). Potentially,
CRF-related peptides and melanocortins may be im-
plicated in a wide variety of appetite-regulating
pathways. It appears that melanocortin peptides
can participate in appetite regulation in gold¢sh as
anorexigenic factors (CerdaŁ -Reverter & Peter 2003;
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Figure 2 Feeding rhythm entrainment in ¢sh. Light-entrainable oscillator (LEO); Food-entrainable oscillator (FEO); mel-
atonin (Mel); serotonin (5-HT); and gastrointestinal tract (GIT). Arrows, interactions between regulators.
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CerdaŁ -Reverter et al. 2003; Shimakura et al. 2008). An
intracerebroventricularly injected a-MSH agonist
causes an inhibition of feed intake in gold¢sh
(CerdaŁ -Reverter et al. 2003). However, an i.c.v. admin-
istration of b-endorphin has been shown to stimulate
feeding in gold¢sh (De Pedro, Delgado & Alonso-
Bedate 1995). It is not clear how POMC processing is
regulated in response to di¡erent nutritional status of
¢sh. It is also not resolved whether these peptides in-
teract with other neuroendocrine signals in the
brain involved in feeding control, or whether they
act independently. Probably, melanocortins’anorexic
e¡ect is £attened by the competing binding of AgRP
to the melanocortin receptors (CerdaŁ -Reverter et al.
2003). Hypothalamic expression of AgRP in gold¢sh
is known to be up-regulated by fasting (CerdaŁ -Rever-
ter & Peter 2003). The MSH feedback mechanism
coupled with the leptin^regulation pathway has also
been suggested (Flik et al. 2006). In Fig. 3, the hy-
pothesized pathways of CRF-related peptides and
melanocortins action are shown.
In ¢sh, like in other vertebrates, the monoamine

neurotransmitters 5-HT, DA and NE play an impor-
tant role in response to stresses, which are associated
with behavioural changes. For instance, rainbow

trout subjected to social stress responded with a low
feed intake. Increased release and turnover of 5-HT,
DA and NE and their metabolites presented in these
¢sh brains indicated high neural activity (�verli,
Winberg & Pottinger 2005). Thus, the central action
of monoamine neurotransmitters has been included
in the scheme of appetite regulation in ¢sh subjected
to stress (Fig.3). Moreover, functional interaction be-
tween CRFand the hypothalamic catecholaminergic
system in the central regulation of feed intake has
been reported. In gold¢sh, i.c.v. administration of
CRF reduced feed intake and hypothalamic NE and
DA contents. These e¡ects were reversed by a-helical
CRF(9^41) pre-treatment (De Pedro et al.1997).The an-
orectic e¡ect of CRF-like peptides most probably was
mediated by a1-adrenergic and dopaminergic recep-
tors (De Pedro, Delgado, et al. 1998). In tilapia, NA
and 5-HTstimulated the release of CRF from telence-
phalic tissue in in vitro studies (Pepels, Wendelaar
Bonga & Balm 2004).
The mechanism of action of CRF-like peptides may

also include their inhibitory e¡ect on orexigenic pep-
tides and mediation of some e¡ects of anorexigenic
factors, similar to that reported in mammals (Hein-
richs & Richard1999). However, for ¢sh, the data are
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Figure 3 Stress response and appetite regulators in ¢sh. Corticotropin-releasing factor (CRF), adrenocorticotropin
(ACTH), urotensin I (UI), NE norepinephrine (NE), dopamine (DA), serotonin (5-HT), melanin-concentrating hormone
(MCH), melanocyte-stimulating hormone (MSH), gastrointestinal tract (GIT) and caudal neurosecretory system (CNSS).
Arrows, interactions between regulators.
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still scarce. The distribution of a galanin-like peptide
in the brain and pituitary of some ¢sh species sug-
gests that it could play a role of a neurotransmitter
and/or a neuromodulator of ACTH secretion (Oliver-
eau & Olivereau1991). Thus, the interaction between
the HPI axis and the orexigenic factor, galanin, if
only could be supported in experiments, might be an
example of such a mechanism.
In response to social stressors, other stress media-

tors are also implicated, e.g. 5-HT. The relationship
between social status and brain serotonergic activity
was studied in various ¢sh species. In Arctic char
(Salvelinus alpinus), feed intake was completely inhib-
ited in subordinate ¢sh, in which brain serotonergic
activity, as indexed by the ratio of 5-hydroxyindolea-
cetic acid to 5-HT, was elevated compared with the
dominants. Rearing the ¢sh in isolation reversed the
appetite inhibition, while the serotonergic activity of
the brain was declining compared with the domi-
nants (�verli, Winberg, Dams�rd & Jobling 1998).
The central anorectic action of 5-HT may be, at least
in part, mediated by CRF in gold¢sh, because the re-
duction in feed intake caused by an i.c.v. injection of
5-HT is partly reversed by the injection of the CRF re-
ceptor antagonist, a-helical CRF(9^41) (De Pedro, Pi-
nillos, et al. 1998). The 5-HT action can also be
coupled with that of Mel (Rubio et al. 2006).
An increased growth of many ¢sh species in

aquaculture is associated with applied continuous or
prolonged light regimes. However, an unnatural
photoperiod, especially continuous light, is consid-
ered to be very stressful and in the long term, even as
a life-threatening condition. Disruption of natural
day^night rhythmicity by photoperiod manipulation
has an adverse e¡ect on thewell-being of farmed ¢sh.
It a¡ects the LEO of pineal or photoperiod-linked
changes in the production of Mel in the pineal organ
and implicates feeding. The response to unnatural
lighting can also be considered in terms of response
to stress.
It is taken into account that inappropriate feeding

schedulesmayalso beharmful for ¢sh. Actually, feed-
ing is a key factor when considering ¢sh welfare
(Huntingford, Adams, Braithwaite, Kadri, Pottinger,
Sand�e & Turnbull 2006). Moreover, fasting, as well
as other stressors such as handling and hypoxia, are
known to increase plasma cortisol, metabolites (i.e.
glucose and lactate) and to trigger the release of cate-
cholamines in many teleosts (Barton & Iwama1991).
Although food intake is regarded as a reliable criter-
ion to evaluate ¢sh welfare under di¡erent experi-
mental and farming conditions (Turnbull, Bell,

Adams, Bron & Huntingford 2005), to date, the e¡ect
of feeding time on ¢shwelfare remains little explored.
Recent investigations, however, pointed out that the
feeding cycle considerably in£uenced growth perfor-
mance, ¢sh behaviour, cortisol and glucose levels in
gilthead sea bream.The random-fed (RF) ¢sh showed
a lower growth rate and higher cortisol and glucose
levels than ¢sh that received food at a scheduled time
(SF). Moreover, 10-fold higher cortisol values in the
RF group than that in the SF group indicated that ¢sh
of the RF group were under stress (SaŁ nchez, Lo¤ pez-
Olmeda, Blanco-Vives & SaŁ nchez-VaŁ zquez 2009). In
addition, ¢sh fed every day at the same time showed
increased secretion of amylase and NPY two hours
before feeding, whereas ¢sh fed randomly did not
show anticipation in any digestive or endocrinal fac-
tors (Vera et al.2007). Moreover, randomly fed ¢sh are
forced to increase their locomotive activity to keep up
a continuous alert to avoid missing food. As a result,
plasma cortisol is higher in randomly than in sched-
uled fed ¢sh, suggesting that the lack of a meal cycle
is stressful and compromises ¢sh welfare. Indeed,
FAA is thought to be of adaptive value. Froma physio-
logical and behavioural point of view, while a contin-
uous active state is uneconomical, anticipation to
mealtime is highly bene¢cial.
The e¡ects of feeding time on food intake and

growth of farmed ¢sh are well-known, and good
knowledge of ¢sh feeding behaviour is the basis for
improving feeding management in aquaculture: if
meals are programmed to match ¢sh appetite, food
utilization is expected to be maximal. Because the
appetite of ¢sh may £uctuate during the day, meals
should be modulated accordingly. If food delivery is
distributed in several meals, adjusted in accordance
with the feeding rhythms of ¢sh, rather than equally
sized meals, growth performance could be improved
(Azzaydi, Mart|¤ nez, Zamora, SaŁ nchez-VaŁ zquez & Ma-
drid 1999). Furthermore, because feeding rhythms
may shift from diurnal to nocturnal depending on
the season, a sensible feeding strategy must bear in
mind such changes. Inwinter, sea bass feeding beha-
viour is strictly nocturnal; thus, ¢sh fed at night grew
signi¢cantly quicker than those fed during the day-
time (Azzaydi, Mart|¤ nez, Zamora, SaŁ nchez-VaŁ zquez
& Madrid 2000).
In summary, feeding rhythms and appetite regula-

tion are model examples of how a variety of neuro-
hormones interact in order that nutritional demands
can be ful¢lled and energy balance can be achieved
according to the feeding habits of the ¢sh. This com-
plicated system is very sensitive to any disturbance.
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Fish in farms and ¢sh in natural environment are
equipped with the same combination of neurohor-
mones to regulate feed intake, but they meet di¡erent
challenges. Finding the best time to deliver food is not
an easy task, as ¢sh may change their feeding beha-
viour at certain times. Nevertheless, the study of
feeding rhythms and FAA may provide useful infor-
mation to design improved feeding schedules that
match ¢sh appetite. It is suggested that hypothalamic
5-HT and CRF-like peptides may play an important
role in the regulation of feed intake in farm ¢sh sub-
jected to stresses.
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