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a b s t r a c t

Osmoregulation is essential to life in vertebrates and osmoreception is a fundamental element in osmoreg-
ulation. Progress in characterizing the mechanisms that mediate osmoreception has been made possible by
using a uniquely accessible cell model, the prolactin (PRL) cell of the euryhaline tilapia, Oreochromis mos-
sambicus. In addition to a brief historical overview, we offer a summary of our recent progress on signal
transduction and osmosensitivity in the tilapia PRL cell model. Prolactin is a central regulator of hydromin-
eral balance in teleosts in freshwater (FW). Consistent with its essential role in FW osmoregulation, PRL
release in tilapia is inversely related to extracellular osmolality, both in vivo and in vitro. Osmotically-dri-
ven changes in PRL cell volume control PRL release. A decrease in extracellular osmolality increases cell vol-
ume, leading to a rapid influx of Ca2+ through stretch-activated channels followed by a sharp rise in PRL
release. Our recent studies also suggest that cAMP is involved in the osmotic signal transduction, and that
acclimation salinity can modulate PRL cell osmosensitivity. Prolactin cells from FW tilapia show a larger
rise in PRL release after a reduction in medium osmolality than those from SW fish. Paradoxically, hyposm-
otically-induced increase in PRL mRNA was observed only in cells from SW fish. Our studies have revealed
differences in the abundance of the water channel, aquaporin 3 (AQP3), and the stretch activated Ca2+ chan-
nel, transient receptor potential vanilloid 4 (TRPV4) in PRL cells of FW and SW fish that may explain their
differing osmosensitivity and osmoreceptive output in differing acclimation salinities.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Osmoregulation is a fundamental prerequisite to physiological
homeostasis in complex organisms. The function of macromole-
cules, such as proteins, is dependent on shape and charge, and there-
fore is extremely sensitive to small changes in the intracellular
milieu. To maintain salt and water balance in the face of changing
environmental salinity, euryhaline fish invest considerable energy
and employ a considerable portion of the neuroendocrine system
to control osmoregulatory mechanisms that respond to changes in
the osmolality of body fluids. Changes in salt and water balance
are detected by a network of osmoreceptors and baroreceptors
found in the brain, vasculature, kidney, and likely other tissues as
well [1,9,26,29,30,41,56–58,66]. These cells control a wide range of
endocrine and neuroendocrine responses that maintain or restore
hydromineral balance. Osmoreceptors have been defined not only
by their intrinsic osmosensitivity, but by their ability to regulate sys-
temic osmotic balance [7,9,23,45,58]. Cellular osmoreceptors can
therefore be characterized by their ability to detect physiologically
relevant deviations in extracellular osmolality, and to transduce
these osmotic stimuli into the synthesis and release of an effector,
ll rights reserved.
typically a hormone, that restores osmotic equilibrium at the organ-
ismal level. During this process, the cell membrane plays a critical
role in two major ways: (1) it provides an osmosensitive trigger by
stretching or shrinking and (2) it selectively controls the entry of
molecules, including calcium (Ca2+) and phosphate (PO4

3�) ions,
which have filled a ubiquitous role in cell signaling. While imparting
opposite charges, the binding of both Ca2+ and PO4

3� to proteins
bring about a modification in their conformation and interactions,
leading to changes in cellular function that can ultimately affect
transcription, translation and secretion [13,67]. To keep osmotic sta-
bility, organisms invest considerable energy in establishing the nec-
essary gradients for intracellular signaling to take place, while
maintaining precise control of intracellular and extracellular fluids.

2. A cellular model for osmoreception

For vertebrates in general, endocrine reflexes are often employed
in responses that are critical for survival. For example, insulin secre-
tion responds directly to the plasma glucose concentration it
regulates. Likewise, prolactin (PRL) secretion from the tilapia pitui-
tary responds directly to the extracellular osmolality which it regu-
lates [45]. That is because PRL is essential for hyperosmoregulation
in FW for tilapia and other euryhaline teleosts [32–34]. Without a
pituitary, tilapia will not survive in FW, unless it has received PRL
replacement therapy [12,39]. We have found that the direct
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regulation of PRL secretion by extracellular osmolality can be mod-
ulated by a variety of endocrine factors including urotensin II [22],
somatostatin [18,22], thyrotropin-releasing hormone [2], 17b-estra-
diol [2], cortisol [6], chicken type II gonadotropin-releasing hormone
[64], PRL-releasing peptides [46], angiotensin II [14], and natriuretic
peptides [14,17]. The presence of multiple regulators of PRL release
underlines its importance and suggests a diversity of signal trans-
duction pathways available in this cell type.

Despite the critical importance of osmotic equilibrium, the
transduction mechanisms that operate in osmoreceptors are not
thoroughly understood. This is because the complex structure
and arrangement of vertebrate osmoreceptive cells and tissues
make them difficult to study. The vasopressin-secreting cells of
the mammalian hypothalamus illustrate this well. Vasopressin
plays a key role in osmoregulation through its actions on natriure-
sis and diuresis. In mice, osmosensitive neurons are located mainly
in the supraoptic nucleus with axonal projections to the posterior
pituitary where vasopressin is released [8,59].

Extracellular fluids of mammals are bound within a tight osmo-
tic range, and human plasma osmolality is kept between 282 and
298 mOsmolal [35]. A deviation in plasma osmolality of 15% leads
to convulsions and coma in humans [3]. In this context, it is uncer-
tain whether a majority of studies on the responses of mammalian
cells to osmotic challenges may yield insight into how osmorecep-
tion is mediated, as they employ changes in osmolality that are
well beyond the physiological range [28]. By contrast, the remark-
ably osmosensitive PRL cell of the euryhaline tilapia, Oreochromis
mossambicus, responds to physiological changes in extracellular
osmolality of 280 to over 400 mOsmolal, well within the range
measured in blood and tissue fluid in vivo [44]. The tilapia PRL cell
has other special attributes that make it useful as a general model
for studying osmoreception. Prolactin cells can be easily isolated
and studied in vitro [20,45], as they are located in a homogeneous
tissue comprising >99% of the rostral pars distalis (RPD) of the pitu-
itary [38]. Furthermore, the tilapia PRL cell model allows the esti-
mation of gene expression and hormone secretion simultaneously
with other key parameters involved in osmoreception, such as
intracellular [Ca2+], cAMP and cell volume. Finally, the euryhaline
nature of this species allows one to study osmoreception within
the context of two interchangeable and opposing osmotic para-
digms: a diluting environment in freshwater (FW) and a dehydrat-
ing environment in seawater (SW).
3. Stimulus-secretion coupling in the osmoreceptive tilapia PRL
cell

Plasma PRL is elevated in FW tilapia, and this is a direct
response to blood and tissue fluid osmolality [50,70]. Specifically,
the transfer of fish from dilute SW to FW, whose RPD (PRL tissue)
has been autotransplanted to the optic nerve, brings about an ele-
vation in circulating PRL and RPD PRL mRNA even though hypotha-
lamic control is eliminated [53]. In vitro, small decreases in
extracellular osmolality elicit significant changes in PRL release
from intact pituitaries or dispersed PRL cells [44,50]. Thus, the tila-
pia PRL cell is an osmoreceptor by virtue of its intrinsic osmosen-
sitivity and its ability to transduce a change in extracellular
osmolality into a change in the release of a hormone that is critical
to FW osmoregulation.

Further studies employing the dispersed PRL cell model for
osmoreception elucidated some of the mechanisms underlying
stimulus-secretion coupling [42,45]. Briefly, in a hyposmotic envi-
ronment, the osmotic gradient across the cell membrane, rather
than a change in extracellular osmolality per se, leads to a rise in
cell volume [65]. This rise initiates an influx of extracellular Ca2+

through stretch-activated channels (SACC), producing an increase
in intracellular [Ca2+] which stimulates PRL release [43,48,49]. This
sequence of events has been supported by evidence that: (1) low-
ering medium osmolality from 355 mOsmolal at a rate of 2 mOs-
molal/min gradually increases PRL cell volume and PRL release in
a linear fashion [44,45]; (2) in the absence of extracellular Ca2+,
the PRL cell response to hyposmotic medium is inhibited [21,48];
(3) blocking the entry of Ca2+ through voltage-gated channel block-
ers, such as nifedipine, does not prevent the increase in PRL elicited
by hyposmotic stimulation [49]; (4) gadolinium (Gd3+), which is
known to block stretch-activated cation channels, inhibits
hyposmotically-induced PRL release without preventing cell swell-
ing; and (5) the rapid rise in intracellular [Ca2+] that evokes acute
hyposmotically-induced PRL release can occur independently of
the release of Ca2+ from intracellular stores [43]. Together, these
studies suggest that medium osmolality acts in a graded fashion
on a single signal transduction component across the range of
extracellular osmolality that tilapia are likely to experience in vivo.
4. Interaction between distinct second messengers during an
osmotic response

As much as Ca2+ has been shown to be an essential and potent
second messenger in tilapia osmoreception, cAMP, another univer-
sal regulator of cell function, has also been found to increase in PRL
cells after hyposmotic stimulation [19,22,24]. Cross-talk between
Ca2+ and cAMP signaling systems has been recently reported in sev-
eral cell models [4,27,69] and may play an active role in the control
of PRL release. Intracellular cAMP is mainly generated via adenylyl
cyclases (AC) following hormonal activation of G-protein-coupled
receptors (GPCRs) linked to the Gas subunit of the heterotrimeric
G-protein. The rise in cAMP typically activates the cAMP-dependent
protein kinase (PKA) which, in turn, exerts downstream effects,
including changes in gene expression and protein synthesis [15].
Recently, we examined the cAMP messenger system of tilapia PRL
cells, employing dispersed cell incubations to measure both PRL re-
lease and cAMP accumulation in the same preparation and time
frame, and established a method to estimate AC activity in mem-
brane and cytosolic fractions [47]. Exposure to the inhibitor of
phosphodiesterase activity 3-isobutyl-1-methylxanthine (IBMX)
produced a significant increase in PRL release and cAMP accumula-
tion, which was further augmented in the presence of hyposmotic
medium. In the absence of extracellular Ca2+, however, these phe-
nomena were abolished. Conversely, exposure of PRL cells to the
cAMP agonist Cholera toxin (CTX), stimulated PRL release and cAMP
accumulation even in the absence of extracellular Ca2+. Using a PRL
cell membrane preparation, we found that AC activity was reduced
as extracellular Ca2+ was increased from 0.1 to 1.0 lM. Lastly,
exposure to the Ca2+ ionophore A23187 stimulated PRL release up
to 10-fold above the level of cells exposed to hyposmotic medium
containing IBMX, but suppressed the rise in cAMP levels produced
by IBMX in either hypo- or hyperosmotic medium. This suppression
is likely to be a consequence of the direct inhibition of AC and stim-
ulation of phosphodiesterase (PDE) activity by high intracellular
[Ca2+] [47].

Together, these experiments indicate that (1) hyposmotically-
induced PRL release and cAMP formation are Ca2+ dependent, (2)
direct agonists of the cAMP messenger system such as CTX and for-
skolin can stimulate PRL release and cAMP accumulation indepen-
dently of extracellular Ca2+, and (3) large increases in intracellular
Ca2+ attenuate cAMP formation. These findings provide evidence
that PRL cells are equipped with the means to rapidly augment
PRL via pathways that are Ca2+-dependent and/or cAMP dependent
and Ca2+-independent. Given the range of factors that regulate PRL
cell function in addition to medium osmolality alone, it is not sur-
prising that both Ca2+ and cAMP messenger systems interact with
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each other and evoke rapid responses to control PRL release. The
extent to which the signal transduction pathways triggered by
rises in Ca2+ and cAMP are involved in differentially controlling
the expression and synthesis of PRL in FW and SW-adapted fish
remain to be determined.
Fig. 1. Effect of AQP3 cRNA injections on the transport of urea across the cell
membrane of Xenopus oocytes. AQP3-expressing and control (water-injected)
oocytes were prepared as described previously Watanabe et al. [63]. Oocytes were
preincubated in 200 mM mannitol, 2 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM
Hepes, 5 mM Tris, pH 7.4, for 20 min at 18 �C. Then, oocytes were immersed in
experimental medium (pre-incubation medium containing 6.25 mCi/mL [14C] urea
and 1 mM urea) for 5 min at 18 �C. The incubation was terminated by washing
oocytes in ice-cold pre-incubation medium containing 1 mM unlabelled urea.
Individual oocytes were dissolved in 10% SDS, and the radioactivity was measured
using a liquid scintillation counter. Bars represent mean urea influx ± SEM (n = 6).
⁄⁄⁄P < 0.001 by Welch t-test.
5. Molecular triggers for cell volume changes and extracellular
Ca2+ entry

In search for the mechanisms that mediate the inward movement
of H2O which leads to the increases in cell volume and intracellular,
free [Ca2+] and PRL release during hyposmotic stimulation, a closer
examination of the possible membrane channels involved was car-
ried out. Water channels, or aquaporins (AQPs), are integral mem-
brane pores selectively permeable to H2O. The 13 AQP isoforms
found in vertebrates can be divided in two main sub-families, AQPs
and aquaglyceroprins, based on their primary sequence and func-
tion [25]. While AQPs are strictly permeable to H2O, aquaglyceropo-
rins are also permeable to small uncharged solutes such as glycerol,
CO2, ammonia and urea. Transient receptor potential (TRP) chan-
nels, on the other hand, comprise a group of ion channels that are
permeable to cations, including Na+, Ca2+ and Mg2+, and many are in-
volved in mechanotransduction [72]. Three of the six channels of the
TRP-vanilloid (TRPV) subfamily have been found to function in the
transduction of osmotic stimuli [31]. Despite the anatomical com-
plexity of the mammalian hypothalamus, electrophysiological and
knockdown approaches targeting osmosensitive channels of the
TRPV family have proven useful in clarifying the mechanisms in-
volved in neuronal osmosensing [36,51,52]. Recently, we investi-
gated whether AQPs and TRPVs may be functioning in PRL cell
osmoreception. Expression of aquaporin 3 (AQP3), has been
described in the tilapia pituitary [63] and further studies have
shown that this aquaglyceroporin plays an enhancing role in PRL cell
osmosensitivity [62]. The rate of hyposmotically-induced water in-
flux and PRL cell volume increase is greatly decreased by the AQP
inhibitor, mercury (HgCl2), in a dose-related manner. Likewise,
pre-exposure to mercury inhibited hyposmotically-induced PRL
release [62].

By employing a gene specific primer set for tilapia epithelial Ca2+

channels (TRPV5 and/or 6), and degenerate primers for TRPV1–4,
we have recently found that TRPV4 is the only gene of the TRPV fam-
ily expressed in the RPD of tilapia pituitaries (Watanabe et al.,
unpublished data). Knowledge on the pharmacology of TRPV chan-
nels has been expanding, and Gd3+, which we have previously
employed as a SACC inhibitor to block hyposmotically-induced
PRL release [49], has recently been described as a classical TRP
inhibitor [60]. Furthermore, incubation of PRL cells with 4a-Phorbol
12,13-Didecanoate (4a-PDD), a TRPV4 agonist [61], stimulates PRL
release within 20 min whereas incubation with ruthenium red
(RuR), a TRPV4 antagonist [61], blocks hyposmotically-induced
PRL release within the same time frame (Watanabe et al., unpub-
lished data). The evidence supporting the involvement of AQP3
and TRPV4 in PRL cell osmoreception is therefore strengthened
not only by their presence in the RPD but by blocking PRL release
with inhibitors of these channels. According to the urea transport
assay system employing Xenopus oocytes, tilapia AQP3 is function-
ally classified as an aquaglyceroporin, as it allows not only water but
small non-ionic molecules, such as urea and glycerol, to permeate
across the cell membrane (Fig. 1). The role of AQP3 as a membrane
trigger for cell volume changes is corroborated by our previous
study demonstrating that the osmoreceptive PRL cell response is
tied to both water and urea movement across the cell membrane
[65], a property that is exclusive to aquaglyceroporins. These recent
findings also indicate that TRPV4 might function as a stretch-acti-
vated Ca2+ channel mediating osmoreception in the tilapia PRL cell
as predicted by our model of stimulus-secretion coupling [45]. Tak-
ing into account our recent discoveries on the nature of PRL cell
osmosensitive channels, and the interaction between Ca2+ and
cAMP messenger systems, we offer an updated model for rapid
stimulus-secretion coupling in PRL cells (Fig. 2).

6. Acclimation salinity modulates osmosensitivity

The tilapia pituitary produces two PRL molecules, designated
PRL177 and PRL188, which are encoded by separate genes, share only
130 amino acid residues (69% similarity) throughout the sequence
[40,54,71]. Mentions of PRL throughout the text so far have
referred to measurements of PRL188. While the existence of two
distinct PRL molecules in tilapia suggests the evolution of distinct
actions, no clear differences in osmoregulatory action have been
demonstrated [54]. Differences between both PRLs have been
observed, however, in regard to osmosensitivity. Although the
two PRLs have been shown to be produced and secreted from the
same cells [55], studies have indicated that the processing of
PRL177 and PRL188 may be differentially sensitive to environmental
salinity [5]. By measuring release and content of both PRLs from
isolated RPDs of FW and SW acclimated fish, Borski and co-workers
have shown a greater shift in the quantity of PRL188 than PRL177 in
RPDs of tilapia exposed to salinity transfers [5]. Our recent studies
employing dispersed PRL cells corroborate these findings and indi-
cate that expression of the PRL188 gene is more sensitive to gradual
changes in medium osmolality than PRL177 in SW acclimated fish
(Seale et al., unpublished data). These differences suggest that
PRL188 is more osmosensitive, and therefore, may play a greater
role in osmoregulation than PRL177. It is also possible that the
expression and release of PRL188 may be regulated by a separate
transduction pathway from that controlling PRL177.

Continued in vitro exposure to a hyposmotic stimulus for hours
and days evokes changes in the tilapia PRL cell that extend beyond
the rapid rise in PRL release and second messenger metabolism
[21,37,50,68]. Since cellular stores of PRL are limited, a sustained
elevation in PRL release requires the activation of PRL gene
expression and synthesis. When tilapia are transferred from SW
to FW, PRL mRNA content in whole pituitaries [11] and RPDs (Seale
et al., unpublished data) is significantly increased as early as 6 h
after transfer. Transfers from FW to SW, on the other hand, signif-
icantly decreases PRL mRNA content in tilapia RPDs when



Fig. 2. Current model for rapid stimulus-secretion coupling in the tilapia osmoreceptive PRL cell. A physiologically relevant reduction in extracellular osmolality triggers
water movement through AQP3 in the cell membrane. Water influx leads to an increase in cell volume which in turn triggers the opening of the mechanosensitive Ca2+

channel TRPV4. The stimulation of TRPV4 allows Ca2+ to enter the cell down its concentration gradient. The rise in intracellular [Ca2+] is rapidly followed by a large spike in
PRL release. In the presence of the PDE inhibitor, IBMX, a hyposmotic stimulus also induces a Ca2+-dependent increase in intracellular cAMP levels. An excess of intracellular
Ca2+ however, abolishes hyposmoticall-induced PRL release in the presence of IBMX, at least partially through direct inhibition of AC. Ligand-induced stimulation of G-protein
stimulates cAMP formation. Inducing cAMP formation by stimulating AC or Gsa pharmacologically, increases PRL release independently of extracellular Ca2+.
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compared with SW controls (Seale et al., unpublished data).
Recently, we found no significant effect of hyposmotic medium
on PRL gene expression using RPDs or dispersed PRL cells from
FW fish incubated for 6 h. By contrast, when cells from SW fish
were employed, a reduction in medium osmolality evoked a signif-
icant increase in PRL gene expression (Fig. 3). The fact that PRL
mRNA levels are 30-fold higher in FW PRL cells than in SW PRL
cells may explain the differential response in gene expression with
salinity, where PRL expression in FW fish could be maximal and
unresponsive to further in vitro osmotic stimuli. Hyposmotically-
induced PRL synthesis [73] and release [44], on the other hand, is
more robust in fish acclimated to FW than those acclimated to
SW. The lower sensitivity of short-term hyposmotically-induced
PRL release from SW-acclimated tilapia may derive from the lower
Fig. 3. Effects of hyposmotic medium (300 mOsmolal), and acclimation salinity on
PRL188 expression in dispersed PRL cells and intact RPD’s from two combined
experiments after 6 h. Bars represent mean ± SEM (n = 13–14). While PRL cells from
FW fish did not respond to medium osmolality, those from SW fish significantly
increased PRL expression in hyposmotic medium. ⁄⁄P < 0.01 by Students t-test.
quantity of PRL stored in the pituitaries of these fish [37]. In addi-
tion, recent evidence suggests that this discrepancy may result
from the diminished ability of PRL cells from SW-acclimated tilapia
to initiate osmotic signal transduction. The relative cell volume
change and water influx into PRL cells following an osmotic chal-
lenge was found to be significantly lower in cells from SW tilapia
compared with those in FW [62]. This discrepancy was further
associated with lower AQP3 gene expression, protein content and
immunofluoresence in SW PRL cells compared with those of FW
fish [62]. These findings indicate that besides playing a key role
in mediating PRL cell osmoreception, AQP3 may account for the
acclimation salinity-dependent differences in osmosensitivity.
Whether AQP3 expression is directly osmosensitive, however,
remains to be determined.

We have recently found that, contrary with the pattern
observed in PRL expression, TRPV4 expression in vivo is increased
in RPDs of tilapia transferred from FW to SW and decreased in tila-
pia transferred from SW to FW (Seale et al., unpublished data). In
dispersed PRL cells, TRPV4 expression is directly proportional to
extracellular osmolality which in turn is inversely proportional to
PRL release (Fig. 4). Further evidence indicates that in addition to
hyposmotic medium, treatment with the Ca2+ ionophore A23187
and IBMX also lowers TRPV4 mRNA levels, suggesting that both
Ca2+ and cAMP second messengers are involved in the regulation
of this channel (Seale et al., unpublished data). It is possible that
once extracellular Ca2+ enters the cell, it limits TRPV4 production
to reduce further Ca2+ entry. Adaptively, higher levels of TRPV4
expression in PRL cells of SW fish might confer greater sensitivity
by allowing increased extracellular Ca2+ entry when a fish moves
from SW to FW.

The putative transcriptional regulator, osmotic stress transcrip-
tion factor (OSTF1) has been found to be induced in response to
hyperosmotic stress in tilapia branchial cells in vitro [16], and in
response to transfer from FW to SW in tilapia gills in vivo [10].
Recently we have found that OSTF1 is also induced by an increase



Fig. 4. Three-dimensional plot of extracellular osmolality, PRL release and TRPV4 mRNA levels from dispersed FW tilapia PRL cells incubated for 6 h in 280, 300, 330, 355 or
420 mOsmolal media. Filled circles represent individual data points. Cells incubated with medium osmolalities of 300 mOsmolal or less had the lowest TRPV4 mRNA levels
and released the most PRL, while those incubated at 420 mOsmolal expressed the most TRPV4 and released the least PRL.
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in extracellular osmolality in dispersed tilapia PRL cells in vitro, and
by transfer from FW to SW in tilapia RPDs in vivo (Seale et al.,
unpublished data). Further studies are required to determine
whether hyperosmotically-induced expression of OSTF1 is linked
to TRPV4 and PRL in tilapia PRL cells.

Together these studies demonstrate that besides PRL, other key
players involved in osmoreception, such as TRPV4 and potentially
AQP3, can be directly controlled by extracellular osmolality itself.
Importantly, it is possible to distinguish the short and long term
osmoreceptive properties of PRL cells adapted to different ambient
salinities such as FW and SW (Fig. 5). However, it remains to be
Fig. 5. PRL cells from tilapia acclimated to FW (A) and SW (B) exhibit different patterns o
FW-acclimated fish, involves AQP3 and TRPV4, where a rise in extracellular Ca2+ entry i
response is more robust than that of PRL cells of SW fish, which have less AQP3 and less P
and upregulate PRL mRNA upon hyposmotic stimulation. In both acclimation salinities,
determined whether the mechanisms governing an increase in
AQP3 expression and a decrease in TRPV4 expression during FW
acclimation are the same as those involved in the hyposmotically-
induced increase in PRL release. Information is also unavailable on
the downstream signaling pathways linking a rise in intracellular
second messengers and the regulation of AQP3, TRPV4 and PRL gene
expression as well as the possible involvement of other ion trans-
porters and pumps, such as Na+/K+ ATPase, and transcription factors,
such as OSTF1, during osmoreception. Further investigations on the
mechanism(s) underlying the expression and production of these
factors in direct response to changes in osmolality will provide a
f osmosensitivity and PRL output. The stimulus-secretion coupling in the PRL cell of
s directly associated to increased PRL release and takes place within minutes. This
RL stored. PRL cells of SW fish have higher TRPV4 mRNA levels than those of FW fish,
hyposmotic stimulation in vitro decreases expression of TRPV4.
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better understanding of how FW and SW acclimation affects osmo-
sensitivity of the PRL cell.
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