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What hormones may regulate food intake in fish? 
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Abstract 

Résumé 

This is an ovcmicw of thc hormoncs which may be involved in food intake control in fish, and some hypo- 
thetical pathways of thcir action arc givcn based on mammalian knowledge. Most of the observed effects of 
these hormones may result from four types of mechanisms, each hormone acting by one or several as 
follows: (1) hormones could have a direct effect on central nervous system centres, associated with food 
intake behaviour or via vagal afferent neurons; (2) an indirect effect may occur via the gut which slows 
gastrointestinal transit, thus rcsulting in stomach distention which activates vagal afferent neurons; (3) they 
could have an indirect cffcct, acting dircctly on intermediary metabolism via glucose, free fatty acids or 
amino acids mohilization or storage; (4) the last possible pathway is an indirect effect by modifying directly 
or indirectly secretions of other hormones involved in food intake control. Some of thesc hormones (CCK, 
PYY, glucagon, adrenalin) act as short-term factors which regulate meal ingestion and are generally inhibi- 
tory factors. On thc othcr hand, other hormones (GH, TH, and leptin) require more time to modify food 
intake behaviour, and appcar as stored calorie rcgulators. However, the orientation of hormones to short-terin 
or to long-term action is not always clear as it has been noted for insulin and glucocorticoids, and may 
depend on the hormonal and metabolite environment. 
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Quelles sont les hormones qui semblent impliquées dans la prise alimentaire des poissons ? 

Cette synthèse donne un aperçu des hormones pouvant être impliquées dans le contrôle de la prise alimen- 
taire des poissons et propose des voies d'action hypothétiques en se basant sur les connaissances acquises 
chez les mammifères. La plupart des effets observés résulteraient de quatre types de mécanismes, chaque 
hormone agissant par le biais d'un ou de plusieurs d'entre eux : (1) les hormones peuvent agir directement 
sur les noyaux du système nerveux central associés au comportement alimentaire, ou via les afférents du 
nerf vague ; (2) elles peuvent agir indirectement via le tube digestif en ralentissant le transit gastro-intestinal, 
ce qui conduit à une distension de l'estomac activant les afférents du nerf vague ; (3) elles peuvent agir indi- 
rectement au niveau du métabolisme intermédiaire via la mobilisation ou le stockage du glucose, des acides 
gras libres ou des acides aminés ; (4) elles peuvent modifier directement ou indirectement sur la sécrétion 
d'autres hormones impliquées dans le contrôle de la prise alimentaire. Certaines de ces hormones (CCK, 
PYY, glucagon, adrénaline) agissent à court terme en régulant le niveau d'ingestion et sont généralement 
inhibitrices. D'autres hormones (GH, TH et leptin) demandent plus de temps pour modifier le comportement 
de prise alimentaire et apparaissent comme des régulateurs du stockage énergétique. Cependant, les actions 
à court ou à long terme de ces hormones ne sont pas toujours très claires, comme cela est observé pour les 
glucocorticoïdes et l'insuline, et semblent dépendre de l'environnement métabolique et hormonal. 

Mots-clés : Prise alimentaire, hormones. 
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INTRODUCTION 

In vertebrates, food intakc bchaviour is controlled by 
the brain which receives information from differcnt 
sources. Firstly, thcrc are environmental intluences 
such as social interactions, food quality and effort 
involvcd in aliment ingestion. Secondly memory, 
which permits food recognition. Thirdly, pcriphcral 
stimuli, including metabolic molecules such as glucosc 
and hormones, can givc information on the physiologi- 
cal status of animals. 

Mcchanisms which control satiety and food intake 
are complex, polyfactorial and are not yct clcarly 
defincd, cvcn in mammals in which thcy havc been 
studied for several decades. For several biological fac- 
tors, it is difficult to separate their neuromediator, para- 
crine and endocrine effects, and for othcrs, their 
hormonal status was not clearly established. In tïsh, if 
we don't take into account studics on tissue localiza- 
tion of hormones and their plasma concentration 
changes, littlc information is available concerning hor- 
mone effect on food intake, or the mechanisms 
i nvol vcd. 

The aim of this brief rcview is to givc an ovcrview of 
the hormones which may be involved in food intakc 
control in fish, and to givc somc hypothctical pathways 
of their action using mammalian knowledge. This non- 
exhaustive and schematic presentation takes its infor- 
mation from numerous rcviews in which the reader 
will find more details. 

STIMULATING HORMONES 

Thyroid hormones (TH) 

Thyroid follicles, prcscnt in the conncctive tissue of 
tish pharyngeal region, release essentially tetra-iodot- 
hyronine or thyroxine (T4). Thc major source of tri- 
iodothyronine (T,) comes from the enzymatic conver- 
sion of T3 by the removal of outer ring iodine by some 
peripheral tissues, through deiodinase action (rcviews: 
Ealcs, 1985; Leatherland, 1994). T4 is considered to be 
the precursor of T, which is the active hormone. Dif- 
ferently from mammals, plasma T, and T, are trans- 
ported by other carrier proteins, mainly corresponding 
to lipoproteins in salmonids (Babin, 1992) which have 
a "buffering" effect on homeostatic control of free thy- 
roid hormones. Thyroid hormones are involvcd in 
development, metamorphosis, growth and reproductive 
functions, as well as in general metabolism. In fish, 
they are among the most studied hormones, however 
their direct effects at the molecular level remain 
unclear. 

Nutritional status has a strong influence on thyroid 
function in fish. The reduction of food ration, or fast- 
ing, decreases the sensitivity of the thyroid tissue to 
TSH, and hepatic deiodinase activity. Thcsc two phe- 
nomena induce a decrease in circulating T, and T4. In 

higher vertebrates, hepatic inner ring deiodinating type 
III activity increases in fasted animals, contributing to 
the dccreased circulating T, level (Darras et al., 1995). 
A recent and surprising result has been obtained by 
Setkow et cl1 (1996) who demonstrated in starved trout 
that 75-8 I % of al1 T3 was secreted by the thyroid, with 
only 19-25 5% resulting from T4 to T3  conversion, an 
opposite situation compared with fed fish (Eales and 
Brown, 1993). Howcvcr, the drop in thyroid hormones 
normally occurs scveral days after the beginning of the 
treatment. Moreover, no rclationship haï bccn found 
bctween appetite, time of meal or level of food ration 
and T3 during a daily pcriod (Farbridge and Leather- 
land, 1993; C iome~  et al., 1997). None of these obser- 
vations identify 'I'H as having a short-tcrm role in the 
control of food intake. 

However, in some experiments, thyroid chronic 
trcatmcnt incrcascd the voluntary food intake of fish 
(Donaldson et al., 1979). No more spccific data are 
availablc in fi\h to aid our understanding of this poten- 
tial effect of TH. However, in mammals, T3 is well 
known to stimulate cell metabolism by increasing ATP 
consumption which nccds more glucose. The decrease 
of plasma glucose observed after T, injection in carp 
(Murat and Scrfàty, 1971; Donaldson et cil., 1979), 
suggests that T, may cxcrt its fccding action via a 
lower stimulation of the sympathetic system by the 
decrease of plasma carbohydratcs. This possible path- 
way has to be established, taking into account the 
nutritional status of the tish, and the apparent opposite 
timing of the action on food intakc of T3 and glucose. 

T3 specific binding sitcs havc bccn recently discov- 
crcd in the olfactory epithelium and the brain (olfac- 
tory bulb, telencephalon, mid-brain and cerebellum) in 
migrating wild salmon (Kudo et al., 1994), suggesting, 
as in mammals, an important role in CNS and func- 
tional brain. 

Lastly, as most aspects of the thyroid hormones 
influcncc intcrmcdiary metabolism, Leatherland 
(1994) suggested that T3 could act as a permissive fac- 
tor which would facilitate the direct action of other 
anabolic hormones involved in food intake control. 

Growth hormone (GH) 

The monomeric mature growth hormone (CH) is a 
22-kDa protein prcscnt in al1 vertebrates (review: 
Scanes and Campbell, 1995). It contains about 190 
amino acids, but this number slightly varies betwecn 
different GH species. Four cysteine residues are 
present that interact to form two disulfide bridges that 
link large and small peptide loops. The major sources 
of plasma GH (synthesis and secretion) are acidophil 
CH-secreting cells (somatotrophs) localized in the 
proximal Pars distulis of the adenohypophysis. Other 
very secondary sources are the brain and the immune 
system but thcse were not yet demonstrated in fish. GH 
receptors are present in almost al1 tissues, from mam- 
mals to fish, which have been studied. Growth hor- 
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mone is involved in growth, osmoregulation and 
reproductive functions, as well as in carbohydrate, 
lipid, and protein metabolism. 

In fish, a clear relationship exists between nutri- 
tional status and GH Icvels. Himick and Peter (1995) 
found that in goldfish plasma CH increased 30 min 
after the beginning of the meal. However, in our study 
on rainbow trout, we cannot find any relationship 
between diurnal GH fluctuations and the level of the 
food ration or the time of the daily mcal (Gomez et al., 
1996). So, the short term relationship between GH and 
nutrition remains unclear. This discrepancy observed 
between these experimcnts could be due to difièrence 
in the agc or in the metabolic status of the fish, and sta- 
tus of lipid reserve. 

Conversely, after a prolonged treatment, plasma GH 
increased when food ration size decreased and reached 
its highest values when fish were starved. This trend 
was observed in different fish spccies (Sumpter et al., 
199 1 ; Farbridge and Leatherland, 1992; Pérez-Sanchez 
et al., 1994; Peter and Marchant, 1995; Toguyeni et al., 
1996). On thc other hand, fat trout which had a very 
low plasma GH level, do not present an active feeding 
behaviour, cven after several weeks of starvation 
(Le Bail et al. unpubl. data). So, high levels of GH may 
act as an appetite stimulalory factor. This hypothesis is 
supported by the fact that peripheral injections of GH 
stimulate food intake in mammals (review: Harvey 
et al., 199%) and in several teleosts species (review: 
Donaldson et al., 1979; Le Bail et al., 1993, Peter and 
Marchant, 1995). The stimulatory effect of exogenous 
GH remains also effective in starved animals as this 
was demonstrated in Nile crocodiles (Crocodilus 
niloticus; Kimwele et al., 1992). Johnsson et ul. (1 994, 
1996) suggested that, in rainbow trout, this increase of 
food intake was as a result of the CH stimulation of 
appetite and competitive ability. 

Relationships between CH and carbohydrates are 
well documented in mammals (review: Harvey et al., 
1995). GH can exert a diabetogenic effect and elevates 
the circulating concentration of glucose. In fact, GH 
reduces glucose uptake by adipose tissue in response to 
insulin. So, these data suggest that GH, via the glucose 
pathway, may exert an inhibitory effect on food intake 
by its peripheral action. But this effect also may be 
inhibited by an increase of glucose which mdy block 
GH secretion. This glucose inhibition is reversible, 
according to the GH increase, observed after insulin 
injection in mammals as well as in fish (Fig. 1) (Rodg- 
ers et al., 1992; Gentil, 1996). In mammals, free fatty 
acids (FFA) also inhibit GH secretion (review: Harvey 
and Daughaday, 1995). So, after a meal, glucose and 
FFA plasma elevation participate in the decrease of GH 
secretion. 

The action of GH may occur at the central level in 
reference to permeability of the blood-brain barrier to 
circulating CH since a central injection also increases 
feeding behaviour in mammals (Harvey 1995~). More- 
over, CH receptors were detected in different brain 

Time (hours) 

Figure 1. - Effect of inwlin ( 3  pg kg-' ) intravenous injcclion on p h -  
xna CH level in one cathctcri7cd rainbow trout (from Gentil, 1996). 

regions, including those involved in feeding behaviour, 
in mammals, birds (Harvey and Hull, 1995) and fish 
(Gray et al., 1990; Sakamoto and Hirano, 1992; Yao 
et al., 1991, Pérez-Sanchez et al., 1992). 

Control of food intake by GH in vivo may be the 
result of the balance between its peripheral and central 
action, which is modified by the nutritional status of 
the fish, according to the following hypothesis: during 
a meal and shortly afterwards, high concentrations of 
FFA and glucose stimulate the satiety centre and 
inhibit the GH secretion and its central action on food 
intake. After a longer delay or dunng starvation, the 
decrease of plasma FFA and glucose induces an eleva- 
tion of blood circulating CH which can increase the 
food intake behaviour. During this time, glucose 
rcleased by CH, from adipocytes and hepatocytes, is 
not sufficient to both stimulate the satiety centre and 
inhibit GH secretion. So, high levels of glucose, in par- 
allel with low plasma levels of GH and vice versa, act 
in the same direction on feeding behaviour. However, 
the delay necessary to promote a resulting positive GH 
action on food intake behaviour has to be precised 
from the end of a meal to starvation. 

Insulin (short-term effects) 

Insulin is present in al1 vertebrates, from agnaths to 
mammals. This hormone is secreted by the endocine 
pancreas which is organized as the "extrapancreatic" 
Brockmann body in many teleosts fish (review: Mom- 
msen and Plisetskaya, 1991). It contains 51-58 amino 
acids which are organized into two chains (A and B) 
connected by disulfide bridges. In fish, as in mammals, 
insulin is an important regulator of carbohydrate, pro- 
tein and lipid metabolism. 

Plasma insulin levels are high in well fed fish or 
after a meal, and decrease in starved fish. It appears 
positively correlated with food ingested and negatively 
with feeding behaviour. These data suggest that insulin 
may also have a negative effect on food intake regula- 
tion. 
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This hypothesis is not supported by the hunger- 
inducing effect of an insulin injection previously 
observed in different inammals (Martin et al., 1984). 
More recently, Chang and Lin (1995) have induced an 
incrcase of feed consumption by tilapia, after insulin 
administration by immersion. In fact, the potential 
stimulatory effect of insulin is inhibitcd by the increase 
of glucagon (an inhibitory food intake factor) during 
the first part of the post-prandial period. Several hours 
after a meal, the glucagonlinsulin ratio becomes low 
enough to permit the positive effect of insulin on the 
appeti te. 

Insulin secretion is, for the most part, positively reg- 
ulated by circulating carbohydrates (glucose, galac- 
tose, mannose) and amino acids (arginine, lysine, 
leucine). Its possible short-term positive effect on food 
intake has been attributed to a dccrease in blood carbo- 
hydrate levels: increase in plasma insulin levels after 
exogenous treatment results in a rapid reduction in the 
concentration of glucose in the plasma which directly 
stimulates the inhibitory fecding system in the brain or 
indircctly via the vagus afferent neurons. 

INHIBITORY HORMONES 

Gut hormones 

Cholecystokinine (CCK) 

In mammals and in birds, CCK is synthesized by 
different parts of the brain (CCK-8), in gut neurons 
and by endocrine cells (CCK-8, -33, -39) of the upper 
small intestine (Reidelberger, 1994; Dcnbow, 1994; 
Figlewicz et al., 1996). CCWgastrin - like peptides 
wcre detected in the gut and in the brain of numerous 
fish (Holmquist et al., 1979; Vigna et al., 1985, Sanka- 
ran et al., 1987; introduction: Himmick et al., 1993). 
Two types of receptors - Type A and Type B-gastrin - 
were detected, but the satiety pathway utilises only, 
Type A. From mollusks to humans, numcrous tissues 
contain Type A rcceptors such as the pancreas, gall- 
bladder, pyloric sphincter, afferent vagal fibers and dis- 
crete areas in the brain known to be involved in food 
intake regulation (Morley, 1995). 

Several observations support the important role of 
CCK in  food intake control. Firstly, a relationship 
exists between nutritional status and peripheral CCK 
levels; Plasma CCK, secreted from the duodenum, 
increases during meals in many species and is, at least 
in part, dependent of phenylalanine and tyrosine 
plasma levels. Low levels of CCK observed in bulimic 
patients have been corrected when these patients were 
successfully treated with antidepressants. Secondly, 
peripheral or intraventricular injections in the CNS of 
CCK provoked a decrease or a delay of food intake in 
mammals (Reidelberger, 1994; Figlewicz et al., 1996), 
birds (Denbow, 1994) and fish (Himick and Peter, 
1994). In  goldfish, this inhibition occurs 45 min fol- 
lowing the injection. Lastly, in mammals, injections of 

CCK antagonists restore food intake during its post- 
prandial inhibition. 

Thus, CCK appears to be a short term food intake 
regulator. It docs not seem to have a long-term effect 
on adiposity or on ingested food, because concomitant 
administration of CCK during meals decreases food 
intake per meal, but also increases the number of meals 
in mammals. 

The following hypothesis is the most agreed expla- 
nation for the mechanisms of peripheral CCK actions. 
During the ingestion of a meal, chyme entering the 
small intestine stimulates CCK secretion from the 
endocrine part of the upper intestine. Plasma CCK 
slows down gastric emptying, distends the stomach, 
activates the vagal affercnt ncurons, and inhibits the 
brain fecding system. Such an inhibition of gastric 
emptying by CCK was recently found in rainbow trout 
(Olsson et al., 1997). 

Howevcr, several authors do not consider CCK as a 
satiety hormone, givcs that physiological plasma levels 
are often one magnitude lower than the level necessary 
to produce the inhibition of food intake after exogc- 
nous CCK administration. So, i t  was proposed that 
food intake inhibition may result from vagal stimula- 
tion by paracnnelncurocrine CCK release from the 
upper intestine. 

Endocrine and paracrinelneurocrine CCK inhibitory 
actions both support the hypothesis of a vagal pathway 
as an effector. However, these hypotheses cannot 
explain why, in vagotomized rats, the CCK reccptor B 
blockade of stimulates food intake. Taking these data 
into account, Reidelberg (1994) proposes that post- 
prandial inhibition of food intake by CCK is due in part 
to direct or indirect stimulation of vagal afferent neu- 
rons and also to a non-vagal mechanism which may act 
on a central orland at peripheral sites. These peripheral 
CCK non-vagal pathways may use a hormonal relay 
systcm. It has been demonstrated that CCK modified 
secretion of insulin or CH in mammals (Harvey, 1995a, 
h)  and fish (Himick et al., 1993; 1995). However, the 
importance of this last pathway remains to be studied. 

It is interesting to note that peripheral administration 
of gastrin, which is a gut factor with a molecular struc- 
ture similar to that of CCK, produces similar effects to 
those obtained by CCK (Denbow, 1994). However, its 
physiological role as a hormone controlling food 
intake is still unclear. 

Peptide Y Y (PYY) 

In mammals, PYY is a gut hormone, conversely to 
its structurally related peptide NPY which is distrib- 
uted in central and peripheral neurons. It is a 36-amino 
acids peptide present in the endocrine cells in the lower 
small intestine, colon and in the plasma (review: 
Sheikh, 1991). PYY is known to act on blood flow, gut 
function and pancreas secretion. Related peptides were 
found in different fish species (review: Plisetskaya, 
1990). They are localized in the endocrinological pan- 
creas or the intestine (review: Duguay and Mommsen, 

Aquat. Living Reiour.. Vol. 10. no 6 - 1997 



What hormones may regulate food intake in fish? 

1994). Howcver, prcsence of a true PYY molecule has 
not yet bccn demonstratcd in fish. 

In mammals, after ingestion of a meal, PYY concen- 
tration increases signitïcantly within 15-30 min and 
remains stable for sevcral hours. PYY does not seem to 
have a direct effect on food intake. It acts as an inhibi- 
tor of satiety in several ways : 
- PYY slows gastric emptying and retards jejunal 

and colonic motility. It appears as an "ideal break" in 
the gastrointestinal transit which would facilitate 
digestion and absorption. In this situation, stomach 
distention increases which possibly activatcs vagal 
afferent neurons, and inhibits brain feeding behaviour 
as obscrvcd for CCK. 
- Some studics have demonstratcd a PYY inhibitory 

effcct on insulin secretion. Decreases in plasma insulin 
may contribute to a reduced animal appetite (sce 
above). 

Thus, peripheral PYY seems to have an opposite 
effect compared with that of the central nervous sys- 
tcm rclatcd pcptide NPY which is known to increase 
food intake. However, we cannot exclude that PYY 
may act positivcly on food intake at brain level. In tïsh, 
NPY receptors, which equally recognize NPY and 
PYY, have been found in pituitary, and intraperitoneal 
injections of NPY have stimulated GH secretion which 
may increase food intake (Peter and Marchant, 1995). 
Endocrine PYY/NPY related peptides from peripheral 
sources have to be demonstrated in fish. 

Pancreatic hormones 

Glucagon and GLP 

Glucagon, a peptide composed of 29 amino acids, is 
produced by endocrinological pancrcatic A cells. Glu- 
cagon-like-peptide (GLP), containing 31 amino acids, 
is produced by the fish endocrinological pancreas and 
sometimes in the gut, as in agnathans (review: Duguay 
and Mommsen, 1994). In fish, as opposed to mam- 
mals, GLP acts at the liver level as a "superglucagon" 
but, at least in some cases, via other receptors and 
pathways. The principal action of these two types of 
hormones is glycogenolysis, in contrast to insulin. 

Its action on food intake behaviour is supported by 
the two following observations: plasma glucagon 
increases during the postprandial period, in mammals 
as well in fish (Navarro et al., 1993), and in mammals, 
it has been demonstrated that peripheral or central 
injections of glucagon reduce food and protein intake 
(Bray, 1993). 

The opposite mechanisms involved for insulin short- 
term effects may occur for glucagon. Increases in glu- 
cagon plasma levels may induce higher plasma glucose 
levels which then stimulate inhibitory feeding systems 
directly in the brain or indirectly via the vagus afferent 
neurons. This mechanism may act in the short-term and 
does not seem to occur in starved fish, in which high 
plasma glucagon levels have been observed (Navarro et 

al., 1995). In fish, as a glucagon receptor has not yet 
been identified in the brain, it is unknown whether glu- 
cagon may have a direct effect at the CNS, as has been 
suggested for mammals (review: Bray, 1993). 

Insulin (long-terrn effects) 

In mammals, insulin receptors have been localized 
in specific nuclei (hypothalamus, limbic system), 
thought to be important in food intake behaviour. Also, 
it has been found that if the acute effcct of peripheral 
insulin is anabolic, as seen above, a chronic elevation 
of insulin is catabolic (Figlewick et al., 1996). In this 
instance, i t  may rcsult in a high caloric alimentation, 
insulin concentration subsequently increased in the 
central nervous system tluid, inducing in parallel an 
increase of energy cxpenditure, thus a decrease in food 
intake. In this case, the central action of insulin inhibits 
its peripheral lypogenic cffcct for limiting fish adipos- 
ity. This feeding behaviour is not observed after intra- 
ventricular injection of insulin in obese Zucker rats and 
may cxplain this pathology. Similarly, it has been 
observed in mammals that plasma insulin was posi- 
tively correlated with adiposity. Thesc data strongly 
suggest that insulin levels in cerebrospinal fluid reflect 
the level of food intake and the adiposity of the animal: 
a decrease in food intake, induced by insulin, may 
result in the augmentation of brain inhibitory factors 
such as CCK, CRF, dopamine and norepinephrine or in 
a decrease in NPY synthesis (Figlewick et al., 1996). 

A similar phenomenon has been suggestcd in fish 
according to several observations: 

-in adult salmonids, the strong positive correlation 
found between insulin and weight (Mommsen and 
Plisetskaya, 199 1) may reflect an insulinladipose rcla- 
tionship because, in this family, the animal adiposity 
incrcased with its size. 

-The presence of insulin peptides in the brain was 
detected by immunocytochernistry whereas mRNA 
was undetectable (Plisetskaya et al., 1993). This result 
suggests that, as in mammals, insulin is produced only 
by endocrinological pancreas and it is then trans- 
ported to the brain through the bloodlcerebrospinal 
system. 

-Finally, insulin specific receptors have been 
detected in the brain of several fish species (Mommsen 
and Plisetskaya, 199 1). 

Cortisol and catecholamines 

Adrenalin is produced by the chromaffin tissue at 
the head kidney and secreted after stimulation by the 
sympathetic nervous system. This is considered as a 
fight-or-flight mechanism. Pituitary adrenocorticotro- 
pic hormone (ACTH) stimulates cortisol synthesis and 
secretion by inter-renal cells located in the head kid- 
ney, using cholesterol as a precursor. Cortisol stimu- 
lates lipid storage, protein lysis for neoglucogenesis 
and increases blood glucose. In fish, as in al1 verte- 
brates, plasma cortisol and catecholamines increase 
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after acute or chronic stress (primary response). In par- 
allcl, inhibition of the feeding behaviour of the animal 
has been observed (reviews: Pickering, 198 1 ; Wedem- 
eyer et al., 1990). 

Stimulation of lipolysis with libcration of FFA by 
catecholamines is far from clear, whercas thcir action 
on carbohydratc metabolism is well established, 
increasing glucogenolysis and ncoglucogcncsis which 
cnhance plasma glucosc levels (review: Mazeaud and 
Mazeaud, 1981). This incrcasc i n  blood glucose may 
inhibit the food intake system, via the vagal affercnt 
neuron of liver or dircctly via the CNS. In fact, injec- 
tion of adrenalin has been shown to decrease food 
intake in avians (Dcnbow, 1994). In fish, the inhibitory 
cfièct of catecholamines on food intake behaviour 
could be incrcased by its negative indirect effect via 
plasma carbohydrate, or direct effect on GH secretion 
(Peter and Marchant, 1995; see above). 

The action of cortisol, as for catecholamines, may 
inhibit food intake via carbohydrates metabolism at the 
peripheral level in maininals as well as in fish (Vijayan 
and Leathcrland 1989). However, in inainn~als, as for 
insulin, it may have an opposite effect when adminis- 
trated into the CNS. At this level, glucocorticoids stim- 
ulate feeding and promotc positive energy balance, 
possibly through an elevation of neuron NPY conccn- 
tration (Figlewicz et al., 1996). So, glucocorticoids 
which increase with starvation in fish (Milnc et al., 
1979), may participate in the feeding behaviour. How- 
ever, the balance bctwccn pcripheral and central action 
has yet to bc clarilied. 

Leptin 

I t  has long been thought that body fat deposits may 
have a mechanism to inform the brain to maintain the 
body wcight within a narrow range. For three years, 
such a signal was found to be a protein produced by the 
mouse obese gene (editorial: Steiner, 1996). Lcptin is a 
protcin composed of 167 ainino acids, produced by 
adipose tissue of normal mice and humans. I t  is 
rclcascd into the blood and seeins to cross the blood- 
brain barrier becausc pcripheral treatments are effec- 
tive and plasma levels of leptin are positivcly corrc- 
lated with leptin levcls mcasured in the cerebral spinal 
fluid. Peripheral administration of leptin in some types 
of obesc mice induce hypophagia and decreases adi- 
pose mass. 

The central action of Icptin is suggested by the pres- 
ence of its receptors in several hypothalamic nuclei, 
having putativc effects on satiety regulating centres. 
Leptin seems to interact with NPY because ccntral 
administration inhibits the induction of the feeding 
behaviour stimulatcd by NPY. Moreover, peripheral 
administration of leptin inhibits the NPY expression. 

However, Steiner (1996), taking into account the 
presence of leptin receptors in other tissues such as 
kidney, liver, the intestine and parts of the brain not 
involved in food intake regulation, has suggcstcd that 

leptin effects on NPY expression were mcdiated not 
only directly by the brain, but also by a peripheral 
action. This may occur via glucocorticoids which stim- 
ulate NPY, according tu the decrease of plasma corti- 
costerone observed after leptin injection. 

Kccently, Sanson et al. (1996) demonstrated that a 
35 amino acid fragment of leptin exerted significant 
inhibitory effects on [rd l ih i t~~~iz  feeding in normal ani- 
mals when injected centrally. This active peptide frag- 
ment, which can be easily synthesized, opcns the way 
to invcstigate i f  it is also active in fish and if a leptin 
related peptide is present in lower vertcbrates. 

OTHER FACTORS 

Othcr factors may significantly modify food intake 
behaviour in highcr vertebratcs, howcver their effect 
on feeding or their hormonal status are no1 clcarly 
cstablishcd. I t  is the case with calcitonin froin thyroid 
tissue, sexual steroids froin gonads, and numcrous fac- 
tors from the pancreas and gastrointestinal tract such as 
bombesin, gastrin rclcasing peptide (GRP), enterosta- 

I ' Food intake behaviour 

l 

Gastro-intestinal tract 

Glucose 
FFA 

Transit time 4 
4 

I Hormones 

Figure 2. - Summ;iry of the posiible hormonal paihwayi involved in 
food intakc bchaviour. 
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tin, somatostatin (SRIF), gastrointestinal inhibitory 
peptide (GIP) and vasoactive intestinal peptide (VIP). 
Most of these molecules act as inhibitory factors on 
food intake behaviour. They al1 remain to be studied in 
fish. 

CONCLUSION 

In this review, information concerning tish is very 
poor, fragmented, and most mechanisms of hormone 
effects are essentially hypothetical. Potential regula- 
tion of satiety, or food intake bchaviour, by most of 
these hormones have to be definitely established in 
fish. Investigations will be long and difficult with 
respect to the variability between species and to the 
great number of hormones involved in feeding. More- 
over, complex and multiple interactions exist between 
these hormones. 

However, most of the observed effects of these hor- 
mones may result from four types of inechanisms 
(Fig. 2): 

-direct effect on CNS centres, associated with food 
intake bchaviour or via vagal affcrcnt neurons (a good 
example is given by leptin); 

- indirect effects on the gut which slows gastrointes- 
tinal transit, thus resulting in stomach distention which 
activates vagal afferent neurons (e.g. CCK); 

-indirect effect, acting directly on intermediary 
metabolism via glucose, FFA or amino acids mobiliza- 
tion or storage; the modification of the plasma concen- 
tration of thcse metabolites may directly influence 
food intake behavioural centres in the CNS or via 
vagal affcrcnt ncurons (part of the insulin action uses 
this pathway); 
- indirect cffccts, modifying directly or indirectly 

the secretion of other hormones involved in food intake 
control (this is the case the insulin on CH secretion). 

Some of these hormones act as short-term factors 
which regulale meal ingestion. This is with the case of 
CCK, PYY, glucagon, and adrenalin which are gener- 
ally inhibitory factors. On the other hand, other hor- 
mones rcquire more time to modify food intake 
behaviour of the fish, and appear as stored calorie reg- 
ulators. CH, TH, and leptin are in this category of fac- 
tors. However, the orientation of hormone to short- 
term or to long-term action is not as clear as it has been 
noted above for insulin and glucocorticoids, and may 
depend upon the hormonal and metabolite environ- 
ment. It must be recognized that al1 these hormonal 
actions also interact with the endogenous brain control 
of food intake behaviour. 
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