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Role of Prolactin, Growth
Hormone, Insulin-like Growth
Factor I and Cortisol in Teleost
Osmoregulation
Juan Miguel Mancera1 and Stephen D. McCormick2

INTRODUCTION
Maintenance of constant cellular ion concentrations is a basic
requirement of all life forms. The strategy evolved by teleost fish to achieve
this requirement is by maintaining nearly constant levels of extracellular
ions at approximately one-third the ionic strength of seawater (SW). In
freshwater (FW), teleosts must counteract the passive loss of ions and gain
of water by actively taking up ions (primarily through the gills), and
removing excess water by excreting a dilute urine. In SW, teleosts
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counteract the gain of ions and loss of water by drinking SW, absorbing
water and ions through the gut, and secreting excess monovalent ions
through the gills and divalent ions through the kidney. Details of these
mechanisms can be found in excellent reviews published in the last several
years (Marshall, 2002; Evans et al., 2005).
The demands on these ion-regulatory pathways will change as a
function of environmental salinity, feeding, activity, injury, reproductive
state and a variety of stressors. Therefore, control of ion regulation is
critical, and the neuroendocrine system is the major means for regulating
these mechanisms. Several excellent reviews on various aspects of the
hormonal control of osmoregulation in fish have been published previously
(Foskett et al., 1983; Mayer-Gostan et al., 1987; Bern and Madsen, 1992;
McCormick, 1995, 2001; Sakamoto et al., 2001; Sakamoto and
McCormick, 2006). Here, we will focus on the endocrine mechanisms that
control the overall capacity of the ion regulatory mechanisms in teleost
fish, focussing on the osmoregulatory actions of prolactin (PRL), the
growth hormone (GH)/insulin-like growth factor I (IGF-I) axis and
cortisol. We will build on existing reviews and incorporate new data to give
an integrative synthesis of the role of these hormones in the
osmoregulation of teleost fish.
PROLACTIN (PRL)
PRL is a pleiotropic hormone with a wide spectrum of functions in
vertebrates. Many of these functions are related to osmoregulatory
processes (Bole-Feysot et al., 1998; Sakamoto et al., 2003; Harris et al.,
2004). The first evidence of the hyperosmoregulatory role of PRL in fish
came from the studies by Grace Pickford and her collaborators (1959,
1970). Using hypophysectomized FW-adapted killifish, Fundulus
heteroclitus, they demonstrated that PRL treatment was essential for
survival of this species in a hypoosmotic environment. Although pituitary
PRL is not necessary for FW survival of all teleosts, subsequent studies
have established the hyperosmoregulatory role of PRL using other species,
types of studies, and experimental approaches (see Hirano, 1986;
McCormick, 1995; Manzon, 2002).
PRL has been shown to regulate several aspects of the ion regulatory
mechanisms that are characteristic of FW fish. Water permeability of the
gill, gut, and kidney are generally lower in FW- than in SW-acclimated
fish, and PRL has been shown to decrease water permeability in these
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tissues in several teleost species (Table 16.1; see also Manzon, 2002). To
date, the mechanisms and gene products responsible for the actions of PRL
on water permeability have not been identified, though they are likely to
include regulation of tight junctions, membrane composition, and water
channels such as aquaporins.
Treatment with PRL increases the ion uptake capacity of teleosts, and
it is likely that this effect is carried out through regulation of gill chloride
Table 16.1

Physiological evidence for a hyperosmoregulatory role of PRL in teleosts.

Action
Pituitary
Higher PRL cells activity, synthesis and secretion in FW and BW
relative to SW

References

Low osmolality stimulates pituitary PRL secretion in vitro

Nishioka et al. (1988)
Mancera et al. (1993)
Martin et al. (1999)
Seale et al. (2003)

Plasma
Higher PRL plasma levels in FW and BW relative to SW

Manzon (2002)

Receptors
PRL receptor mRNA levels show a negative relationship with
salinity (i.e., lower in higher salinities)
PRL receptors present in gill chloride cells and in kidney

Gills
Exogenous PRL reduces gill Na+,K+-ATPase activity and mRNA
levels
Exogenous PRL stimulates development of chloride cells
‘fresh water morphology’
Kidney
Exogenous PRL increases Na+ reabsorption and water excretion,
through stimulation of glomerular size and urine output
Contradictory effects on renal Na +,K+-ATPase activity, with
increases or no effects

Shiraishi et al. (1999)
Sandra et al. (2000)
Ng et al. (1991)
Weng et al. (1997)
Santos et al. (2001)
Sakamoto et al. (1997)
Kelly et al. (1999)
Mancera et al. (2002)
Herndon et al. (1991)
Pisam et al. (1993)
Clarke and Bern (1980)
Braun and Dantlzler (1987)
Pickford et al. (1970)
Seidelin and Madsen (1997)
Kelly et al. (1999)

Intestine
Exogenous PRL decreases permeability to water and ions and
Na +,K +-ATPase activity
Contradictory effects on intestinal Na+,K+-ATPase activity,
with increases or no effects

Collie and Hirano (1987)
Manzon (2002)
Kelly et al. (1999)
Seidelin and Madsen (1999)

Skin
Exogenous PRL increases mucus production by stimulation of
differentiation and proliferation of mucous cells

Clarke and Bern (1980)
Brown and Brown (1987)

500

Fish Osmoregulation

cells. Herndon et al. (1991) found that PRL injection in SW-acclimated
tilapia resulted in decreased chloride cell size, typical of FW-acclimated
tilapia. In the Nile tilapia, Pisam et al. (1993) found that treatment with
PRL increased the number of ‘b-cells’ typical of FW-acclimated tilapia and
decreased the number of a-cells typical of SW-acclimated tilapia. Kelly
et al. (1999) have found that the impact of PRL on chloride cells of Sparus
sarba is dependent on the environmental salinity; in hypoosmotic brackish
water PRL reduces chloride cell number and size, whereas in SW this
hormone has no effect. Sakamoto and McCormick (2006) have suggested
that the control of cell turnover (apoptosis and cell proliferation) in
different osmoregulatory epithelia (e.g., gill and gastrointestinal tract) is a
critical feature of the control of osmoregulation by PRL.
It is also likely that PRL affects the transporters that are involved in
ion uptake. However, there is still some uncertainty regarding the
transporters that are most directly involved in ion uptake in teleost fish.
To date, the most favored models include a chloride-bicarbonate
exchanger through which chloride uptake is driven through production of
carbon dioxide. Sodium is thought to be taken up through an apical
sodium channel energized by an apical H+-ATPase. Characterization and
localization of these necessary transporters to fully validate these models
is ongoing, and no information on the role of PRL in regulating these
transporters is currently available. This hormone has variable effects on
gill Na+,K+-ATPase activity among teleost species (see McCormick,
1995). This may stem, in part, from differences in the relative importance
of the Na+,K+-ATPase pump in ion uptake among teleosts (in most
teleosts gill Na+,K+-ATPase activity is higher in SW, but in others it is
lower), their relative euryhalinity, and the salinity at which the studies
were carried out.
The activity of PRL cells is under hypothalamic and extrahypothalamic control. Decreases in plasma osmolality result in increased
PRL synthesis and release (Seale et al., 2003). In addition, other hormones
such as cortisol decrease PRL release (Borski et al., 2002). At the
hypothalamic level, dopamine has a clear inhibitory effect on PRL cells
(Nishioka et al., 1988). In mammals, a specific prolactin-releasing
hormone peptide (Pr-RP) has been described, and in recent years, a Pr-RP
has also been identified in teleosts (see Sakamoto et al., 2003, 2005;
Fujimoto et al., 2006). This peptide is synthesized in hypothalamic
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neurons, with axons ending close to PRL cells in the rostral pars distalis of
the pituitary (Sakamoto et al., 2003). This peptide can stimulate PRL cells,
increasing synthesis and release of this hormone to systemic blood. In
addition, in the amphibious, euryhaline mudskipper (Periophthalmus
modestus) molecular studies have demonstrated a strong relationship
between expression of Pr-RP and environmental salinity, with higher PrRP expression in fish acclimated to freshwater and terrestrial
environments relative to SW conditions (Sakamoto et al., 2005). The
presence of Pr-RP in peripheral organs (like gut mucus cells) suggests the
possibility of other actions, including effects on hormone expression
outside of the pituitary, and even direct actions on osmoregulatory tissues
(see Sakamoto and McCormick, 2006).
GROWTH HORMONE (GH)/INSULIN-LIKE GROWTH
FACTOR I (IGF-I) AXIS
GH is a member of the GH/PRL family with a role in osmotic acclimation
(McCormick, 1995) as well as growth and energy metabolism in fish
(Björnsson, 1997). GH causes both local and systemic production of IGFI, the latter being produced primarily in the liver. IGF-I carries out many
of the growth-promoting actions of GH, though GH can also have direct
actions on target tissues. Also, in carrying out its osmoregulatory function
in fish, GH appears to work—at least in part—by increasing circulating
IGF-I and production of IGF-I by the target tissue itself (Sakamoto and
Hirano, 1993).
Smith (1956) was the first to demonstrate that GH treatment
increased the capacity of trout to move from FW to SW. Later, Bolton et al.
(1987) demonstrated that these effects were relatively rapid and
independent of the growth promoting actions of GH. McCormick et al.
(1991) demonstrated that IGF-I was as potent as GH in increasing the
salinity tolerance of rainbow trout. Increased salinity tolerance in response
to GH treatment has also been demonstrated in several non-salmonid
teleosts, including tilapia and killifish (Mancera and McCormick, 1998a,
1999).
GH and IGF-I impacts on hypoosmoregulatory tissue are exerted in
part through their influence on gill chloride cells. Many studies of
salmonids have shown an effect of GH and/or IGF-I treatment on the
number, size and specific ultrastructural features of gill chloride cells (see
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references in McCormick, 2001). Sakamoto and McCormick (2006) have
hypothesized that this impact of GH and IGF-I may be through the control
of cell turnover and differentiation in the gill. This effect would be
consistent with the known proliferative and anti-apoptotic roles of IGF-I
in many vertebrate tissues (Wood et al., 2005). It should be noted,
however, that such effects have yet to be demonstrated in osmoregulatory
tissues of fish.
GH and IGF-I are also involved in the upregulation of transporters
critical to salt secretion by the gill. Both Na+,K+-ATPase and the
Na+,K+,2Cl– cotransporter (NKCC) are upregulated by GH (Pelis and
McCormick, 2001). Although GH has not been shown to have direct (in
vitro) effects on these transporters, IGF-I has been shown to increase gill
Na+,K+-ATPase, both in vivo and in vitro (Madsen and Bern, 1993;
Seidelin and Madsen, 1999). These impacts on specific transporters may
be part of a proliferation and differentiation pathway for the development
of salt secreting chloride cells in the gill. Surprisingly, the impact of GH
and IGF-I on osmoregulatory tissues other than the gill has received little
attention. To date, what is known suggests that the action of GH and IGFI on salt secretory capacity is primarily through its impact on gill physiology
(Seidelin and Madsen, 1999).
IGF-I binding proteins are known to play a critical role in regulating
the interaction of IGF-I with its receptor (Wood et al., 2005). Recently,
Shepherd et al. (2005) have shown that plasma levels of three IGF binding
proteins (21-, 42- and 50-kDa) are higher after salinity acclimation. To our
knowledge, this is the only report of the possible role of binding proteins
in ion regulation. High-affinity, low-capacity IGF-I binding sites
characteristic of receptors have recently been found in Atlantic salmon
gill, and are most abundant in gill chloride cells (McCormick, unpublished
results). Reinecke et al. (1997) present evidence that local production of
IGF-I in the gill occurs primarily in chloride cells (Tables 16.2-16.4).
CORTISOL
Cortisol is the major corticosteroid produced by the interrenal tissue of
teleost fish. This hormone has several established physiological roles
related to osmoregulation, intermediary metabolism, growth, stress and
immune function (Wendelaar Bonga, 1997; Mommsen et al., 1999).
Evidence for the osmoregulatory role of cortisol in fish has been compiled
in excellent reviews (McCormick, 1995, 2001; Sakamoto et al., 2001;
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Table 16.2 Physiological evidence for a hyperosmoregulatory role of GH in salmonids.
Action

References

Pituitary
Higher GH cell activity, synthesis and secretion in SW
relative to FW

Nishioka et al. (1988)
Sakamoto et al. (1993)
Björnsson (1997)

Plasma
Higher plasma GH levels and metabolic clearance rate of GH
during smolting and after transfer from FW to SW

Sakamoto et al. (1990)
Björnsson (1997)

Receptors
GH receptors present at high levels in gill, kidney and intestine

Sakamoto and Hirano (1991)

Gills
Exogenous GH increases gill Na +,K +-ATPase activity and
mRNA levels

Exogenous GH stimulated proliferation of chloride cells with
“seawater morphology”
Exogenous GH increased abundance of Na +-K +-2Cl–
cotransporter
Kidney
GH treatment has not effect on kidney Na+-K+-ATPase activity
Intestine
Exogenous GH induces ‘seawater morphology’ in the mucosa of
the middle intestine of Salmo salar previous to smoltification
Exogenous GH increases the drinking response in S. salar
pre-smolts after transfer to SW

Boeuf et al. (1994)
Madsen et al. (1995)
McCormick (1995)
Seidelin and Madsen (1999)
See McCormick (1995)
Sakamoto and McCormick
(2006)
Pelis and McCormick (2001)

Madsen et al. (1995)
Nonnotte et al. (1995)
Fuentes and Eddy (1997)

Evans, 2002). However, in recent years, new aspects of the physiology of
cortisol in fish have arisen, and it is on these that we will focus our
attention.
This hormone is considered a classical SW-promoting hormone, and
evidence has shown a hypoosmoregulatory role of cortisol in several
teleosts. Cortisol decreased plasma ion levels and osmolality in SWadapted teleosts and enhanced salinity tolerance after transfer from lowsalinity water to high-salinity water. This effect is due to increases in gill
chloride cell size and density induced by cortisol treatment (McCormick,
1995, 2001). In addition, this hormone enhanced expression of gill
Na+,K+-ATPase a-subunit and gill Na+,K+-ATPase activity in salmonid
and no-salmonid species (Madsen et al., 1995; Seidelin et al., 1999;
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Table 16.3 Physiological evidence for an osmoregulatory role of GH in non-salmonids.
Action
Pituitary
GH cells activation is depending on the species studied and
the environmental salinity
Plasma
GH levels behave differently depending on the species studied
and the environmental salinity
Receptors
GH binding found in renal tubule of gilthead sea bream
Gill and operculum
Exogenous GH increases salinity tolerance, opercular chloride
cell number and gill Na+,K+-ATPase activity in tilapia
(O. mossambicus) and mummichog (Fundulus heteroclitus)
Exogenous GH did not cause any significant changes in gill
Na+,K +-ATPase activity or a- and b-subunit mRNA levels
in silver sea bream (Sparus sarba)
Exogenous GH increases gill Na+,K +-ATPase activity in
gilthead seabream (Sparus aurata)
Kidney
Exogenous GH reduces Na+,K+-ATPase activity in SW- and
BW-acclimated silver seabream (Sparus sarba)

References
Nishioka et al. (1988)
Mancera and McCormick
(1998b)
Nishioka et al. (1988)
Mancera and McCormick
(1998b)
Munoz-Cueto et al. (1996)
Flik et al. (1993)
Xu et al. (1998)
Mancera and McCormick
(1998a)
Deane et al. (1999)
Kelly et al. (1999)
Sangiao-Alvarellos et al.
(2006)
Kelly et al. (1999)

Mancera et al., 2002; Laiz-Carrión et al., 2003). Finally, cortisol stimulated
expression and abundance of Na+-K+-2Cl– cotransporter in the gills of
FW-acclimated S. salar (Pelis and McCormick, 2001).
At the intestinal level, cortisol stimulated Na+,K+-ATPase activity,
together with ion and water absorption, thus helping adaptation to high
environmental salinity (Veillette and Young, 2005). Also, an improved
drinking response after transfer to SW has been observed in Oncorhynchus
mykiss and S. salar treated with this hormone (Fuentes et al., 1996).
In addition to the classical hypoosmoregulatory role of cortisol, and
according to several evidences (see Table 16.5), a new role of this hormone
either in ion uptake in FW- or BW-adapted fish has been suggested.
McCormick (2001), in his excellent revision of this topic, proposed a ‘dual
osmoregulatory’ role for cortisol: (1) a stimulatory action on ion secretion
in cooperation with GH/IGF-I axis in hyperosmotic environments; and
(2) an increase of ion uptake in cooperation with PRL in hypoosmotic
environments.
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Table 16.4 Physiological evidence for an osmoregulatory role of IGF-I in salmonids and
non-salmonids.
Action

References

Plasma
IGF-I levels increased during smolting and SW acclimation
IGF-I binding proteins levels are altered after SW exposure of
rainbow trout

Sakamoto and Hirano (1993)
Shepherd et al. (2005)

Receptors
High affinity, low capacity IGF-I binding in salmon gill
IGF-I receptor immunoreactivity present in chloride cells
Gill
IGF-I mRNA levels increase after exogenous GH and transfer
to SW in salmonids and tilapia (O. mossambicus)
Exogenous IGF-I increases salinity tolerance, gill Na+,K +-ATPase
activity and development of chloride cells

IGF-I immunoreactivity present in chloride cells

McCormick (unpublished)
McCormick (unpublished)
Sakamoto and Hirano (1993)
Weng et al. (2000)
McCormick (1995)
Mancera and McCormick
(1998a)
Seidelin and Madsen (1999)
Reinecke et al. (1997)

A large number of binding studies in fish have found evidence for a
single class of corticosteroid receptors (CR) (see references in Prunet et al.,
2006). However, in the last several years, molecular techniques have
demonstrated the presence of genes in several teleost species related to the
mammalian glucocorticoid (GR) and mineralcorticoid receptors (MR).
Fish GR has been characterized in several species (Oreochromis
mossambicus, Paralichthys olivaceus), with a second isoform present in some
species (O. mykiss, Haplochromis burtoni). In addition, MR has been
molecularly characterized in O. mykiss and H. burtoni. Using a transfected
cell line, Sturm et al. (2005) found that the rainbow trout MR (rtMR) has
high transactivation efficiency for both aldosterone and 11deoxycorticosterone (DOC), similar to the mammalian MR. Prunet et al.
(2006) suggest that DOC, present in the plasma of some teleosts at levels
that could activate the rtMR, might be a mineralocorticoid in fish. It may
be possible that the teleost MR is involved in the ‘dual osmoregulatory’
role (ion secretion and uptake) of cortisol in teleost fish. However, the
physiological function of the MR in fish and the possible physiological
relevance of DOC remains to be established.
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Table 16.5

Physiological evidence for a hyperosmoregulatory role of cortisol.

Action

References

Plasma
Transfer from SW to FW transiently increases plasma cortisol
levels

Mancera et al. (1994)
McCormick (2001)

Effects of cortisol treatment
Restored plasma osmolality and ion levels in hypophysectomized
eels, goldfish and bowfin
Increased surface area of gill chloride cells and the influx of
sodium and chloride in FW rainbow trout, tilapia, eel and catfish
Stimulated whole-body calcium uptake and the branchial calcium
pump in freshwater rainbow trout
Enhanced H+-ATPase activity in gills of salmonids, possibly
involved in sodium uptake in hypo-osmotic environments
Increased ion regulatory capacity after transfer of Sparus
aurata to low salinity environments
Stimulated gill Na+,K +-ATPase activity, plasma osmolality
and ion levels in BW-adapted S. aurata
Interactions with other hormones
A positive interaction of cortisol with PRL for maintenance
of ion balance in FW-acclimated channel catfish Ictalurus
punctatus and stinging catfish Heteropneustes fossilis
A positive interaction of cortisol with PRL for promoting the
transepithelial resistance and potential of cultured branchial
epithelia from FW rainbow trout

McCormick (2001)
Laurent and Perry (1990)
Perry et al. (1992)
Flik and Perry (1989)
Lin and Randall (1995)
Marshall (2002)
Mancera et al. (1994)
Mancera et al. (2002)

Parwez and Goswami (1985)
Eckert et al. (2001)
Zhou et al. (2003)

HORMONE INTERACTIONS
In addition to the independent osmoregulatory actions of PRL, GH/IGF-I
axis and cortisol, there is substantial evidence indicating the existence of
synergy and antagonism of these hormones with one another.
PRL and Cortisol
Consistent with its role in promoting acclimation to low environmental
salinities, PRL antagonizes the salt-secretory actions of both cortisol and
GH (O. mykiss: Madsen and Bern, 1992; S. salar: Boeuf et al., 1994; S.
trutta: Seidelin and Madsen, 1997). Seidelin and Madsen (1997) found
that PRL could reverse all of the increases in hypoosmoregulatory ability
induced by cortisol, but did not affect the capacity of cortisol to increase
gill Na+,K+-ATPase activity. They suggested that an interaction of PRL
and cortisol on salt secretory capacity may occur in non-branchial tissue
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such as the intestine. Cortisol has been shown to rapidly decrease the
release of PRL from the tilapia pituitary (Borski et al., 1991).
As outlined above, cortisol also has an apparent role in ion uptake,
and there is evidence for a positive interaction of exogenous treatment
with cortisol and PRL for maintenance of ion balance in FW fish (Parwez
and Goswami, 1985; Eckert et al., 2001). In S. aurata, a greater activation
of pituitary PRL and ACTH cells have been shown to occur in BWacclimated fish relative to SW-acclimated fish, suggesting a possible
cooperation of PRL and cortisol in the control of osmoregulation at low
salinities has also been suggested (Mancera et al., 1993, 2002). Using an
in vitro gill cell preparation, it has been demonstrated that PRL and cortisol
act synergistically in order to promote transepithelial resistance and
potential (Zhou et al., 2003).
PRL and GH/IGF-I Axis
It has also been demonstrated that treatment with PRL can antagonize the
hyperosmoregulatory actions of GH and IGF-I in salmonids (O. mykiss:
Madsen and Bern, 1992; S. salar: Boeuf et al., 1994; S. trutta: Seidelin and
Madsen, 1997, 1999). This effect has been shown to occur at the level of
specific ion transporters (gill Na+,K+-ATPase), and chloride cell number
and morphology, resulting in differences in decreased whole animal
performance (higher plasma ions) in SW. This antagonistic action of PRL,
along with the lower PRL levels seen in BW, may explain the greater
efficacy of GH treatment on salt-secretory capacity in BW relative to FW
(Bolton et al., 1987; McCormick, 1996). Currently, it is thought that this
antagonism occurs primarily at target tissues, as we are not aware of any
studies indicating that GH and PRL affect one another’s synthesis or
secretion.
GH/IGF-I Axis and Cortisol
An important synergy of the GH axis and cortisol to improve salinity
tolerance and salt-secretory capacity has been demonstrated in salmonid
and non-salmonid species. This cooperation is mediated by increased
expression of gill Na+,K+-ATPase subunits, gill Na+,K+-ATPase activity,
and abundance of Na+-K+-2Cl– cotransporter in gill chloride cells
(Madsen, 1990; McCormick, 1996; Mancera and McCormick, 1999; Pelis
and McCormick, 2001; McCormick, 2001). GH has been shown to
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increase the abundance of gill cortisol receptors in two species of
salmonids (O. kisutch and S. salar) (Shrimpton et al., 1995; Shrimpton and
McCormick, 1998), and this may explain a substantial part of the
interaction between GH and cortisol. Seidelin et al. (1999) found an
additive effect of IGF-I and cortisol on gill chloride cell number and
Na+,K+-ATPase activity, but to date, no one has examined whether IGF-I
can increase the number of gill cortisol receptors. Another possible
mechanism of IGF-I and cortisol interaction is through a possible antiapoptotic action of IGF-I on gill chloride cells, permitting cortisol to affect
a greater number of partially or fully differentiated chloride cells.
In addition to interactions at target tissues, GH, IGF-I and cortisol are
likely to interact so as to affect one another’s synthesis and secretion,
though surprisingly little research has been done in this area. GH has been
shown to increase the sensitivity of the interrenal tissue to
adrenocorticotropic hormone (ACTH) in vitro and in vivo, thus enhancing
cortisol release (Young, 1988). Exogenous cortisol has been shown to
decrease the circulating levels of IGF-I (Peterson and Small, 2005;
McCormick, unpublished results). It is important to remember that these
hormones have active roles in growth and energy mobilization, and thus
their feedback mechanisms may reflect their involvement in processes
other that just osmoregulation.
CONCLUSION
The control of the osmoregulatory system of teleosts involves several
hypophysial and extra hypophysial hormones (PRL, GH and cortisol),
which play an important role in osmotic acclimation (McCormick, 1995,
2001; McCormick and Sakamoto, 2006). It is a well-established fact that
PRL has an important role in the FW acclimation of many teleosts, though
the mechanisms of ion regulation controlled by this hormone have not
been fully elucidated. In contrast, the osmoregulatory role of the GH/IGF-I
axis appears to be more highly species-dependent. In salmonids this axis
has a hypoosmoregulatory role acting clearly as a SW-adapting hormone.
However, in non-salmonid species, the evidence is contradictory, with GH
exhibiting an apparent hypoosmoregulatory role in some species, and no
clear osmoregulatory role in others. Finally, cortisol has been shown to
have a role in SW acclimation in both primitive and advanced teleost fish.
However, in recent years, evidence also suggests a role for cortisol in ion
uptake in low-salinity water-adapted fish. This new evidence suggests a
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‘dual osmoregulatory’ role for cortisol, with the classic role of stimulation
of ion secretion in hyperosmotic media (in cooperation with GH and
IGF-I), and an additional role of increasing ion uptake in hypoosmotic
environments (in cooperation with PRL).
Acknowledgements
The present publication was supported by a grant BFU2004-04439-C0201B (Ministerio de Educación y Ciencia, Spain) to J.M.M.. The authors
would like to express their gratitude to the members of the laboratory of
Dr. Mancera: Dr. Raúl Laiz-Carrión, Jose María Guzman, Francisco Jesús
Arjona and Luis Vargas-Chacoff for their contribution to the
understanding of fish osmoregulation. We also thank Michelle Monette for
her comments and corrections on the manuscript.
References
Bern, H.A. and S.S. Madsen. 1992. A selective survey of the endocrine system of the
rainbow trout (Oncorhynchus mykiss) with emphasis on the hormonal regulation of
ion balance. Aquaculture 100: 237–262.
Björnsson, B.Th. 1997. The biology of salmon growth hormone: from daylight to
dominance. Fish Physiology and Biochemistry 17: 9–24.
Boeuf, G., A.M. Marc, P. Prunet, P.-Y. Le Bail and J. Smal. 1994. Stimulation of parr-smolt
transformation by hormonal treatment in Atlantic salmon (Salmo salar L.).
Aquaculture 121: 195–208.
Bole- Feysot, C., V. Goffin, M. Edery, N. Binart and P.A. Kelly. 1998. Prolactin (PRL) and
its receptor: Actions, signal transduction pathways and phenotypes observed in PRL
receptor knockout mice. Endocrine Reviews 19: 225–268.
Bolton, J.P., N.L. Collie, H. Kawauchi and T. Hirano. 1987. Osmoregulatory actions of
growth hormone in rainbow trout (Salmo gairdneri). Journal of Endocrinology 112: 63–
68.
Borski, R.J., L.M. Helms, N.H. Richman and E.G. Grau. 1991. Cortisol rapidly reduces
prolactin release and cAMP and 45Ca2+ accumulation in the cichlid fish pituitary in
vitro. Proceedings of the National Academy of Sciences of the United States of America
88: 2758–2762.
Borski, R.J., G.N. Hyde, S. Fruchtman and W.S. Tsai. 2002. Cortisol suppresses prolactin
release through a non-genomic mechanism involving interactions with the plasma
membrane. Comparative Biochemistry and Physiology B129: 533–541.
Braun, E.J. and W.H. Dantlzler. 1987. Mechanisms of hormone actions on renal function.
In: Vertebrate Endocrinology: Fundamentals and Biomedical Implications, P.K.T. Pang
and M.P. Schreibman (eds.). Academic Press, San Diego, Vol. 2, pp. 189–210.
Brown, P.S. and S.C. Brown. 1987. Osmoregulatory actions of prolactin and other
adenohypophysial hormones. In: Vertebrate Endocrinology: Fundamentals and

510

Fish Osmoregulation

Biomedical Implications, P.K.T. Pang and M.P. Schreibman (eds.). Academic Press, San
Diego, Vol. 2, pp. 45–84.
Clarke, W.C. and H.A. Bern. 1980. Comparative endocrinology of prolactin. In: Hormonal
Proteins and Peptides, C.H. Li (ed.). Academic Press, New York, Vol. 8, pp. 105–197.
Collie, N.L. and T. Hirano. 1987. Mechanisms of hormone actions on intestinal transport.
In: Vertebrate Endocrinology: Fundamentals and Biomedical Implications, P.K.T. Pang
and M.P. Schreibman (eds). Academic Press, San Diego, Vol. 2, pp. 239–270.
Deane, E.E., S.P. Kelly and N.Y.S. Woo. 1999. Hormonal modulation of branchial Na+K+ -ATPase subunit mRNA in a marine teleost Sparus sarba. Life Science 20: 18191829.
Eckert, S.M., T. Yada, B.S. Shepherd, M.H Stetson, T. Hirano and G. Grau. 2001.
Hormonal control of osmoregulation in the channel catfish Ictalurus punctatus.
General and Comparative Endocrinology 122: 270–286.
Evans, D.H. 2002. Cell signalling and ion transport across the fish gill epithelium. Journal
of Experimental Zoology 293: 336–347.
Evans, D.H., P.M. Piermarini and K.P. Choe. 2005. The multifunctional fish gill:
Dominant site of gas exchange, osmoregulation, acid-base regulation and excretion
of nitrogenous waste. Physiological Reviews 85: 97–177.
Flik, G. and S.F. Perry. 1989. Cortisol stimulates whole-body calcium uptake and the
branchial calcium pump in freshwater rainbow trout. Journal of Endocrinology 120:
75–82.
Flik, G., W. Atsma, J.C. Fenwick, F. Rentier-Delrue, J. Smal and S.E. Wendelaar Bonga.
1993. Homologous recombinant growth hormone and calcium metabolism in the
tilapia, Oreochromis mossambicus, adapted to fresh water. Journal of Experimental
Biology 185: 107–191.
Foskett, J.K., H.A. Bern, T.E. Machen and M. Conner. 1983. Chloride cells and the
hormonal control of teleost fish osmoregulation. Journal of Experimental Biology 106:
255–281.
Fuentes, J. and F.B. Eddy. 1997. Drinking in Atlantic salmon presmolts and smolts in
response to growth hormone and salinity. Comparative Biochemistry and Physiology
A117: 487–491.
Fuentes, J., N.R. Bury, S. Carrol and F.B. Eddy. 1996. Drinking in Atlantic salmon
presmolts (Salmo salar L.) and juvenile rainbow trout (Oncorhynchus mykiss
Walbaum) in response to cortisol and seawater challenge. Aquaculture 141: 129–137.
Fujimoto, M., T. Sakamoto, T. Kanetoh, M. Osaka and S. Moriyama. 2006. Prolactinreleasing peptide is essential to maintain the prolactin level and osmotic balance in
freshwater teleost fish. Peptides 27: 1104–1109.
Gaitskell, R.E. and I. Chester Jones. 1970. Effects of adrenolectomy and cortisol injection
on the in vitro movement of water by the intestine of the freshwater European eel
(Anguilla anguilla L.). General and Comparative Endocrinology 15: 491–493.
Harris, J., P.M. Stanford, S.R. Oakes and C.J. Ormandy. 2004. Prolactin and the prolactin
receptor: new targets of an old hormone. Annals in Medicine 36: 414–425.
Herndon, T.M., S.D. McCormick and H.A. Bern. 1991. Effects of prolactin on chloride
cells in opercular membrane of seawater-adapted tilapia. General and Comparative
Endocrinology 83: 283–289.

Juan Miguel Mancera and Stephen D. McCormick

511

Hirano, T. 1986. The spectrum of prolactin action in teleosts. In: Comparative
Endocrinology: Developments and Directions, C.L. Ralph (ed.). Alan R. Liss, New York,
pp. 53–74.
Kelly, S.P., I.N.K. Chow and Y.S. Woo. 1999. Effects of prolactin and growth hormone on
strategies of hypoosmotic adaptation in a marine teleost, Sparus sarba. General and
Comparative Endocrinology 113: 9–22.
Laiz-Carrión, R., M.P. Martín del Río, J.M. Miguez, J.M. Mancera and J.L. Soengas. 2003.
Influence of cortisol on osmoregulation and energy metabolism in gilthead sea bream
Sparus aurata. Journal of Experimental Zoology A298: 105–118.
Laurent, P. and S.F. Perry. 1990. Effects of cortisol on gill chloride cell morphology and
ionic uptake in the freshwater trout, Salmo gairdneri. Cell and Tissue Research 259:
429–442.
Lin, H. and D. Randall. 1995. Proton pumps in fish gills. In: Fish Physiology—
Ionoregulation: Cellular and Molecular Approaches, C.M. Wood and T.J. Shuttlerworth
(eds.). Academic Press, New York, Vol. 14, pp. 22–256.
Madsen, S.S. 1990. Effect of repetitive cortisol and thyroxine injections on chloride cell
number and Na+ /K+-ATPase activity in gills of freshwater acclimated rainbow trout,
Salmo gairdneri. Comparative Biochemistry and Physiology A95: 171–175.
Madsen, S.S. and H.A. Bern. 1992. Antagonism of prolactin and growth hormone: Impact
on seawater adaptation in two salmonids, Salmo trutta and Oncorhynchus mykiss.
Zoological Science 9: 775–784.
Madsen, S.S. and H.A. Bern. 1993. In vitro effects of insulin-like growth factor-I on gill
Na+,K+-ATPase in coho salmon, Oncorhynchus kisutch. Journal of Endocrinology 138:
23–30.
Madsen, S.S., M.K. Jensen, J. Nohr and K. Kristiansen. 1995. Expression of Na+-K+ATPase in the brown trout, Salmo trutta: In vivo modulation by hormones and
seawater. American Journal of Physiology 269: R1339–R1345.
Mancera, J.M. and S.D. McCormick. 1998a. Evidence for growth hormone/insulin-like
growth factor I axis regulation of seawater acclimation in the euryhaline teleost
Fundulus heteroclitus. General and Comparative Endocrinology 101: 103–112.
Mancera, J.M. and S.D. McCormick. 1998b. Osmoregulatory actions of the GH/IGF axis
in non-salmonids teleosts. Comparative Biochemistry and Physiology B121: 43–48.
Mancera, J.M. and S.D. McCormick. 1999. Influence of cortisol, growth hormone, insulinlike growth factor I and 3,3¢,5-triiodo-L-thyronine on hypoosmoregulatory ability in
the euryhaline teleost Fundulus heteroclitus. Fish Physiology and Biochemistry 21: 25–
33.
Mancera, J.M., J.M. Pérez-Fígares and P. Fernández-Llebrez. 1994. Effect of cortisol on
brackish water adaptation in the euryhaline gilthead seabream (Sparus aurata L.).
Comparative Biochemistry and Physiology A107: 397–402.
Mancera, J.M., R. Laíz-Carrión and M.P. Martín del Río. 2002. Osmoregulatory action of
PRL, GH and cortisol in the gilthead seabream Sparus aurata. General and
Comparative Endocrinology 129: 95–103.
Manzon, L.A. 2002. The role of prolactin in fish osmoregulation: A review. General and
Comparative Endocrinology 125: 291–310.

512

Fish Osmoregulation

Marshall, W.S. 2002. Na+, Cl–, Ca++ and Zn++ transport by fish gills: Retrospective
review and prospective synthesis. Journal of Experimental Zoology 292: 264–283.
Martin, S.A.M., A.F. Youngson and A. Ferguson. 1999. Atlantic salmon (Salmo salar)
prolactin cDNA sequence and its mRNA expression after transfer of fish between
salinities. Fish Physiology and Biochemistry 20: 351–359.
Mayer-Gostan, N., S.E. Wendelaar Bonga and P.H.M. Balm. 1987. Mechanisms of
hormone actions on gill transport. In: Vertebrate Endocrinology: Fundamentals and
Biomedical Implications, P.K.T. Pang and M.P. Schreibman (eds.). Academic Press, San
Diego, Vol. 1, pp. 211–238.
McCormick, S.D. 1995. Hormonal control of gill Na+ ,K+-ATPase and chloride cell
function. In: Fish Physiology, C.M. Wood and T.J. Shuttlerworth (eds.). Academic
Press, New York, Vol. 14, pp. 285–315.
McCormick, S.D. 1996. Effects of growth hormone and insulin-like growth factor I on
salinity tolerance and gill Na+,K+ -ATPase in Atlantic salmon (Salmo salar):
Interaction with cortisol. General and Comparative Endocrinology 101: 3–11.
McCormick, S.D. 2001. Endocrine control of osmoregulation in fish. American Zoologist
41: 781–794.
McCormick, S.D., T. Sakamoto, S. Hasegawa and T. Hirano. 1991. Osmoregulatory action
of insulin-like growth factor I in rainbow trout (Oncorhynchus mykiss). Journal of
Endocrinology 130: 87–92.
Mommsen, T.P., M.M. Vijayan and T.W. Moon. 1999. Cortisol in teleosts: dynamics,
mechanisms of action, and metabolic regulation. Reviews in Fish Biology and Fisheries
9: 211–268.
Muñoz-Cueto, J.A., J.P. Martinez-Barbera, C. Pendon, R.B. Rodriguez and M.C.
Sarasquete. 1996. Autoradiographic localization of growth hormone binding sites in
Sparus aurata tissues using a recombinant gilthead seabream growth hormone.
Comparative Biochemistry and Physiology C114: 17–22.
Ng, T.B., T.Y. Hui and C.H.K. Cheng. 1991. Presence of prolactin receptors in eel liver and
carp kidney and growth hormone receptors in eel liver. Comparative Biochemistry and
Physiology A99: 387–390.
Nishioka, R.S., K.M. Kelley and H.A. Bern. 1988. Control of prolactin and growth
hormone secretion in teleost fishes. Zoological Science 5: 267–280.
Nonnotte, L., G. Boeuf and G. Nonnotte. 1995. The role of growth hormone in the
adaptability of Atlantic salmon (Salmo salar L.) to seawater: effects on the
morphology of the mucosa of the middle intestine. Canadian Journal of Zoology 73:
2361–2374.
Parwez, I. and S.V. Goswami. 1985. Effects of prolactin, adrenocorticotrophin,
neurohypophysial peptides, cortisol and androgens on some osmoregulatory
parameters of the hypophysectomized catfish, Heteropneustes fossilis (Bloch). General
and Comparative Endocrinology 58: 51–68.
Pelis, R. and S.D. McCormick. 2001. Effects of growth hormone and cortisol on Na+-K+2Cl– cotransporter localization and abundance in the gills of Atlantic salmon.
General and Comparative Endocrinology 124: 134–143.

Juan Miguel Mancera and Stephen D. McCormick

513

Perry, S.F., G.G. Goss and P. Laurent. 1992. The interrelationships between gill chloride
cell morphology and ionic uptake in four freshwater teleosts. Canadian Journal of
Zoology 70: 1775–1786.
Peterson, B.C. and B.C. Small. 2005. Effects of exogenous cortisol on the GH/IGF-I/
IGFBP network in channel catfish. Domestic Animal Endocrinology 28: 391–404.
Pickford, G.E. and J.G. Phillips. 1959. Prolactin, a factor in promoting survival of
hypophysectomized killifish in fresh water. Science 130: 454–455.
Pickford, G.E., R.W. Griffith, J. Torreti, E. Hendlez and F.H. Epstein. 1970. Branchial
reduction and renal stimulation of Na+ ,K+-ATPase by prolactin in
hypophysectomized killifish in fresh water. Science 228: 378–379.
Pisam, M., B. Auperin, P. Prunet, F. Rentier-Delrue, J. Martial and A. Rambourg. 1993.
Effects of prolactin on a and b chloride cells in the gill epithelium of the saltwater
adapted tilapia Oreochromis niloticus. Anatomical Record 235: 275–284.
Prunet, P., A. Sturm and S. Milla. 2006. Multiple corticosteroid receptors in fish: From old
ideas to new concepts. General and Comparative Endocrinology 147: 17–23.
Reinecke, M., A. Schmid, R. Ermatinger and D. Loffingcueni. 1997. Insulin-like growth
factor I in the teleost Oreochromis mossambicus, the tilapia: gene sequence, tissue
expression, and cellular localization. Endocrinology 138: 3613–3619.
Sakamoto, T. and T. Hirano. 1991. Growth hormone receptors in the liver and
osmoregulatory organs of rainbow trout: characterization and dynamics during
adaptation to seawater. Journal of Endocrinology 130: 425–433.
Sakamoto, T. and T. Hirano. 1993. Expression of insulin-like growth factor-I gene in
osmoregulatory organs during seawater adaptation of the salmonid fish: Possible
mode of osmoregulatory action of growth hormone. Proceedings of the National
Academy of Sciences of the United States of America 90: 1912–1916.
Sakamoto, T. and S.D. McCormick. 2006. Prolactin and growth hormone in fish
osmoregulation. General and Comparative Endocrinology 147: 24–30.
Sakamoto, T., T. Ogasawara and T. Hirano. 1990. Growth hormone kinetics during
adaptation to a hyperosmotic environment in rainbow trout. Journal of Comparative
Physiology B160: 1–6.
Sakamoto, T., S.D. McCormick and T. Hirano. 1993. Osmoregulatory actions of growth
hormone and its mode of action in salmonids: A review. Fish Physiology and
Biochemistry 11: 155–164.
Sakamoto, T., K. Uchida and S. Yokota. 2001. Regulation of the ion-transporting
mitochondrion-rich cell during adaptation of teleost fishes to different salinities.
Zoological Science 18: 1163–1174.
Sakamoto, T., M. Fujimoto and M. Ando. 2003. Fishy tales of prolactin-releasing peptide.
International Review of Cytology 225: 91–130.
Sakamoto, T., M. Amano, S. Hyodo, S. Moriyama, A. Takahashi, H. Kawauchi and M.
Ando. 2005. Expression of prolactin-releasing peptide and prolactin in the
euryhaline mudskippers (Periophthalmus modestus): Prolactin-releasing peptide as a
primary regulator of prolactin. Journal of Molecular Endocrinology 34: 825–834.
Sandra, O., P. Le Rouzic, C. Cauty, M. Edery and P. Prunet. 2000. Expression of the
prolactin receptor (tiPRL-R) gene in tilapia Oreochromis niloticus. Tissue distribution

514

Fish Osmoregulation

and cellular localization in osmoregulatory organs. Journal of Molecular Endocrinology
24: 215–224.
Sangiao-Alvarellos, S., F.J. Arjona, J.M. Migues, M.P. Martín del Río, J.L. Soengas and J.M.
Mancera. 2006. Growth hormone and prolactin affect osmoregulation and energy
metabolism of gilthead seabream (Sparus aurata). Comparative Biochemistry and
Physiology 144: 491–500.
Santos, C.R., P.M. Ingleton, J.E.B. Cavaco, P.A. Kelly, M. Edery and D.M. Power. 2001.
Cloning, characterization, and tissue distribution of prolactin receptor in the seabream (Sparus aurata). General and Comparative Endocrinology 121: 32–47.
Seale, A.P., L.G. Riley, T.A. Leedom, S. Kajimura, R.M. Dores, T. Hirano and E.G. Grau.
2003. Effects of environmental osmolality on release of prolactin, growth hormone
and ACTH from the tilapia pituitary. General and Comparative Endocrinology 128:
91–101.
Seidelin, M. and S.S. Madsen. 1997. Prolactin antagonizes the seawater-adaptative effect
of cortisol and growth hormone in anadromous brown trout (Salmo trutta). Zoological
Science 14: 249–256.
Seidelin, M. and S.S. Madsen. 1999. Endocrine control of Na+,K+-ATPase and chloride
cell development in brown trout (Salmo trutta): Interaction of insulin-like growth
factor-I with prolactin and growth hormone. Journal of Endocrinology 162: 127–135.
Seidelin, M., S.S. Madsen, A. Byrialsen and K. Kristiansen. 1999. Effects of insulin-like
growth factor-I and cortisol on Na+,K+ -ATPase expression in osmoregulatory tissues
of brown trout (Salmo trutta). General and Comparative Endocrinology 113: 331–342.
Shepherd, B.S., K. Drennon, J. Johnson, J. W. Nichols, R. C. Playle, T. D. Singer and M.M.
Vijayan. 2005. Salinity acclimation affects the somatotropic axis in rainbow trout.
American Journal of Physiology C288: R1385–R1395.
Shiraishi, K., M. Matsuda, T. Mori and T. Hirano. 1999. Changes in the expression of
prolactin- and cortisol-receptor genes during early-life stages of euryhaline tilapia
(Oreochromis mossambicus) in fresh water and seawater. Zoological Science 16: 139–
146.
Shrimpton, J.M. and S.D. McCormick. 1998. Regulation of gill cytosolic corticosteroid
receptors in juvenile Atlantic salmon: Interaction effects of growth hormone with
prolactin and triiodothyronine. General and Comparative Endocrinology 112: 262–
274.
Shrimpton, J.M., R.H. Devlin, E. McLean, J.C. Byatt, E.M. Donaldson and D.J. Randall.
1995. Increases in gill corticosteroid receptor abundance and saltwater tolerance in
juvenile coho salmon (Oncorhynchus kisutch) treated with growth hormone and
placental lactogen. General and Comparative Endocrinology 98: 1–15.
Smith, D.C.W. 1956. The role of the endocrine organs in the salinity tolerance of trout.
Memoirs of the Society of Endocrinology 5: 83–101.
Sturn, A., N. Bury, L. Dengreville, J. Fagart, G. Flouriot, M.E. Rafestin-Oblin and P.
Prunet. 2005. 11-deoxycorticosterone is a potent agonist of the rainbow trout
(Oncorhynchus mykiss) mineralcorticoid receptor. Endocrinology 146: 47–55.
Veillette, P.A. and G. Young. 2005. Tissue culture of sockeye salmon intestine: functional
response of Na+-K+-ATPase to cortisol. American Journal of Physiology 288: R1598–
R1605.

Juan Miguel Mancera and Stephen D. McCormick

515

Wendelaar Bonga, S.E. 1997. The stress response in fish. Physiological Review 77: 591–625.
Weng, C.F., T.H. Lee and P.P. Hwang. 1997. Immune localization of prolactin receptor in
the mitochondria-rich cells of the euryhaline teleost (Oreochromis mossambicus) gill.
FEBS Letters 405: 91–94.
Weng, C.F., C.C. Chiang, H.Y. Gong, M.H.C. Chen, C.H. Lin, P.P. Hwang and J.L. Wu.
2000. Salinity change induces insulin-like growth factor and heaptocyte nuclear
factors on gill in euryhaline teleost (Oreochromis mossambicus). Biochemical Society
Transactions 28: A341.
Wood, A.W., C.M. Duan and H.A. Bern. 2005. Insulin-like growth factor signaling in fish.
International Review of Cytology 243: 215–285.
Young, G. 1988. Enhanced response of the interregnal of coho salmon (Oncorhynchus
kisutch) to ACTH after growth hormone treatment in vivo and in vitro. General and
Comparative Endocrinology 71: 85–92.
Xu, B., H. Miao, P. Zhang and P. Li. 1998. Osmoregulatory actions of growth hormone in
juvenile tilapia (Oreochromis niloticus). Comparative Biochemistry and Physiology 17:
295–301.
Zhou, B.S., S.P. Kelly, J.P. Ianowski and C.M. Wood. 2003. Effects of cortisol and prolactin
on Na+ and Cl– transport in cultured branchial epithelia from FW rainbow trout.
American Journal of Physiology C285: R1305–R1316.

