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Abstract

Euryhaline Mozambique tilapia (Oreochromis mossambicus) are native to estuaries where they encounter tidal fluctuations
in environmental salinity. These fluctuations can be dramatic, subjecting individuals to salinities characteristic of fresh
water (FW < 0.5%o0) and seawater (SW 35%o) within a single tidal cycle. In the current study, we reared tilapia under a tidal
regimen that simulated the dynamic conditions of their native habitat. Tilapia were sampled every 3 h over a 24 h period
to temporally resolve how prolactin (PRL) signaling is modulated in parallel with genes encoding branchial effectors of
osmoregulation. The following parameters were measured: plasma osmolality, plasma PRL,;; and PRL,g¢ concentrations,
pituitary pri;,, and prl, 4 gene expression, and branchial pri receptor (prirl and prir2), Na*/Cl™-cotransporter (ncc2), Nat/
K*/2CI™-cotransporter (nkccla), Na*/K*-ATPase (nkaala and nkaalb), cystic fibrosis transmembrane regulator (cftr),
and aquaporin 3 (agp3) gene expression. Throughout the 24 h sampling period, plasma osmolality reflected whether tilapia
were sampled during the FW or SW phases of the tidal cycle, whereas pituitary prl gene expression and plasma PRL levels
remained stable. Branchial patterns of ncc2, nkccla, nkaala, nkaalb, cftr, and agp3 gene expression indicated that fish
exposed to tidally changing salinities regulate the expression of these gene transcripts in a similar fashion as fish held under
static SW conditions. By contrast, branchial prirl and prir2 levels were highly labile throughout the tidal cycle. We conclude
that local (branchial) regulation of endocrine signaling underlies the capacity of euryhaline fishes, such as Mozambique
tilapia, to thrive under dynamic salinity conditions.
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Introduction

Hydromineral balance requires the tight regulation of both
solute and water transporting processes (Marshall and Gro-
sell 2006). Teleost fishes typically maintain plasma osmo-
lality at approximately one-third the osmolality of seawater
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The extensive surface area of branchial epithelium is the
primary site for Na* and Cl~ exchange with the external
environment. In hyposmotic freshwater (FW) environments,
teleosts counteract passive solute loss and excessive hydra-
tion by actively absorbing ions from the environment across
branchial epithelium while simultaneously producing dilute
urine. In hyperosmotic environments, teleosts mitigate water
lost via osmosis and the diffusive gain of ions by drinking
the surrounding SW and extruding Na* and CI~ across the
gill (Evans et al. 2005; McCormick 2011). As a euryha-
line teleost indigenous to riverine and estuarine habitats of
southeast Africa, some populations of Mozambique tilapia
(Oreochromis mossambicus) are found within proximity to
the tidal ebb and flow and thus subjected to marked vari-
ations in salinity (Trewavas 1983). Nonetheless, Mozam-
bique tilapia are equipped with physiological systems that
maintain plasma osmolality within narrow bounds, and thus
allows them to reside in these dynamic locales (Trewavas
1983; Yamaguchi et al. 2018). Alternatively, some fishes that
reside in intertidal zones, for instance the shanny (Lipophrys
pholis), rely upon behavioral processes to avoid salinity
stress associated with tidal cycles (Gibson 1984).

The pituitary hormone prolactin (PRL) is essential to
the survival of euryhaline species in FW by stimulating
ion uptake and diminishing osmotic permeability in key
osmoregulatory tissues (Dharmamba et al. 1967; Manzon
2002; Pickford and Phillips 1959). In Mozambique tilapia,
two isoforms of PRL are synthetized and released, PRL,,,
and PRL 4 (Rentier-Delrue et al. 1989; Specker et al. 1985;
Yamaguchi et al. 1988). Plasma levels of both PRLs rise in
response to external hyposmotic (FW) conditions and pitui-
tary mRNA levels of both pris are upregulated following the
transfer of tilapia from SW to FW (Seale et al. 2002, 2012;
Yada et al. 1994). The actions of PRL on target tissues are
mediated through PRL receptors (denoted PRLR1 and -2),
which are expressed in the gill, kidney, and distinct segments
of the gastrointestinal tract (Fiol et al. 2009; Pierce et al.
2007; Seale et al. 2014). The branchial expression levels of
prirl and prir2 respond differently to osmotic stimuli and
PRLs. While branchial prirI levels are stimulated by PRL,,
and PRL 4, (Inokuchi et al. 2015), prir2 levels are not stimu-
lated by either PRL, but are upregulated by an increase in
environmental salinity (Inokuchi et al. 2015; Seale et al.
2012).

In Mozambique tilapia, at least four distinct ionocytes,
denoted types I-1V, mediate ion transport by the gill (Hiroi
et al. 2005; Kaneko et al. 2008; Furukawa et al. 2015).
All four ionocyte sub-types are characterized by the pres-
ence of basolateral Na*/K*-ATPase that energizes both ion
uptake and ion extrusion processes (Hiroi et al. 2008). Two
isoforms of the NKA al-subunit are expressed in the gill:
nkaala expression is stimulated in response to decreased
extracellular osmolality and increased by exposure to
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PRL (Inokuchi et al. 2015; Tipsmark et al. 2011), whereas
nkaalb expression increases when fish are transferred from
FW to SW (Inokuchi et al. 2015; Tipsmark et al. 2011).
Type II ionocytes are characterized by the presence of an
apical Na*/Cl™-cotransporter (NCC2) that provides a con-
duit for the absorption of Na* and CI~ from the external
FW environment (Hiroi et al. 2008; Inokuchi et al. 2015).
By contrast, type IV ionocytes express a basolateral Na*/
K*/2C1™-cotransporter (NKCC1a) and an apical CI~ chan-
nel (cystic fibrosis transmembrane conductance regulator;
CFTR) (Hiroi et al. 2005) to support the excretion of Na*
and CI™ (via paracellular and transcellular routes, respec-
tively) into the external SW environment. The aquaglycerop-
orin, AQP3, is expressed in the basolateral membrane of
tilapia ionocytes, pavement cells, and mucous cells, and may
confer osmosensitivity to these multiple cell types (Breves
et al. 2016; Watanabe et al. 2005).

Extensive study of Mozambique tilapia has focused on
steady-state FW- and SW-acclimated fish, as well as those
transferred in a unidirectional fashion from FW to SW or
vice versa; little is known about how these fish respond to
the tidally driven fluctuations in salinity they may encounter
in their native estuaries. Previously, we reported osmoregu-
latory parameters in 4-month old tilapia reared under a tidal
regimen (TR). Fish were exposed to salinities that ranged
between FW and SW every 6 h (h) (Moorman et al. 2014,
2015). Our findings from these studies were: (1) circulating
PRL 45 levels were decoupled from fluctuations in plasma
osmolality during the tidal cycle in TR-acclimated fish; (2)
the gene expression of ncc, nkaala, nkaalb, and agp3 in fish
acclimated to a TR was higher than that of fish acclimated to
SW but lower than that of FW fish; and (3) the morpholo-
gies of ionocytes in TR-acclimated fish largely resembled
those of SW-acclimated fish (Moorman et al. 2014). Recent
examination of the ability for adult, 2-year old, tilapia to
acclimate to a TR over the course of 1 week revealed an
osmoregulatory profile that resembled fish raised in a TR
from the fry stage (Pavlosky et al. 2019). By sampling fish
near the end of the FW and SW phases of the tidal cycle
(TF and TS, respectively), the results of these two previous
studies provided a baseline osmoregulatory profile for TR-
acclimated fish, and an approximation of how fish responded
to cyclical changes in environmental salinity.

The primary objective of the current study was to pro-
vide a detailed profile of osmoregulatory endpoints in fish
acclimated to a TR at a greater resolution than previous
approaches. To accomplish this, tilapia were subjected to
salinity changes that closely approximate natural tidal con-
ditions and sampled every 3 h (midway and at the terminus
of a tidal cycle) over a continuous 24 h period. Fish reared
under a TR were compared with fish that remained in con-
tinuous FW or SW conditions. Here, we report the follow-
ing endpoints: plasma osmolality, plasma levels of PRL,,
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and PRL g4; pituitary expression of pri;,, and prl; g and
branchial mRNA expression of prirl, prir2, ncc2, nkccla,
nkaala, nkaalb, cftr, and agp3. By characterizing this suite
of endpoints in tilapia reared under a TR, we revealed how
the environment directs PRL signaling through the local
regulation of its receptors.

Materials and methods
Fish rearing

Mozambique tilapia (O. mossambicus) yolk-sac larvae were
collected from broodstock maintained in FW (0.1 +0.1%0)
tanks at the Hawai ‘i Institute of Marine Biology. Fourteen
days post-collection, the yolk sacs were fully absorbed, and
the fry were seeded to 700-1, outdoor, tanks filled with 1401
of FW, at a density of 120 fish per tank. Water temperature
was maintained at 27 +2 °C and fish were held under natural
photoperiod. Two days after seeding, tanks were transitioned
to brackish water (BW) of 10%o by the addition of SW
(34 + 1%0; Kaneohe Bay, Oahu, HI, USA). Five days after
seeding, the salinity was further increased to 18 +2%o, and
then 8 days after seeding, two BW tanks were transitioned
back to FW, two were transitioned to SW, and the remaining

four tanks put under TR, where salinities alternated between
FW and SW every 6 h (Moorman et al. 2014, 2015). Prior to
their transition from BW to FW, SW, or the tidal paradigm,
fish were fed ground trout chow pellets (Skretting, Tooele,
UT, USA) ad libitum daily. After transitions, fish were pro-
vided fixed rations of 18% mean body weight divided over
two daily feedings (mean body weight 24 + 1 mg). Rations
were decreased by 4% every 21-25 days until they were
equivalent to 4% mean body weight. The fish were reared
under these conditions until the time of sampling. Fish were
fasted during the 24 h sampling period; the final feeding of
all treatment groups occurred immediately prior to the first
sampling time point.

Four males and four females reared under the TR were
sampled at each time point (every 3 h). For each time point
at which TR fish were sampled, corresponding FW- and
SW-control groups were also sampled (four males and four
females per treatment). Fish were collected at each time
point from across all of the replicate tanks for the FW, SW,
and TR treatments. Salinity was measured hourly in all tanks
over the course of the 24 h sampling period (Figs. 1, 2, 3, 4,
5, 6, 7). Salinity ranged between 0.1 and 0.2%0 in FW-con-
trol tanks, 34.5-35.2%0 in SW-control tanks, and 0.2-35.2%o0
in TR tanks. In TR tanks, salinity changed completely from
FW to SW and vice versa within 2 h of switching the source
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Fig. 1 Plasma osmolality of Mozambique tilapia (Oreochromis mos-
sambicus) reared in fresh water (FW black dashed), seawater (SW
black dotted) and a tidal regimen (TR solid black) and sampled
over 24 h. Values represent mean+SEM (n=6-8). Shading denotes
dark hours. Black lines and symbols denote plasma osmolality (left
y-axis). Grey lines and symbols denote mean water salinity meas-
ured hourly in FW, SW, and TR tanks (right y-axis). Salinity and

time effects were analyzed by two-way ANOVA, followed by Bon-
ferroni’s test when main or interaction effects were detected (*, **,
%P < (.05, 0.01 and 0.001, respectively). Mean values not sharing
the same letter are different (P <0.05); uppercase letters indicate dif-
ferences across treatments at a given time point; differences over time
within each treatment are reported in Supplementary Table 1
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Fig.2 Plasma PRL,,; (a)

and plasma PRL 4¢ (b) of
Mozambique tilapia reared

in FW (black dashed), SW
(black dotted) and a TR (solid
black) and sampled over 24 h.
Values represent mean + SEM
(n=6-8). Shading denotes dark
hours. Black lines and symbols
denote plasma PRL,; or
PRLg¢ (left y-axis). Grey lines
and symbols denote mean water
salinity measured hourly in FW,
SW, and TR tanks (right y-axis).
Salinity and time effects were 54
analyzed by two-way ANOVA,
followed by Bonferroni’s test
when main or interaction
effects were detected (*, **,
*##%P <0.05, 0.01 and 0.001,
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Supplementary Table 1
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of water. All experiments were conducted in accordance
with the principles and procedures approved by the Institu-
tional Animal Care and Use Committee, University of Haw
ai‘i.

Treatments and sampling

At the time of sampling, fish were netted and lethally anes-
thetized with 2-phenoxyethanol (0.3 ml/l). After fish were
weighed, blood was collected with a needle and syringe
coated with sodium heparin (200 U/ml, Sigma-Aldrich, St.
Louis, MO, USA). Plasma was separated by centrifugation

@ Springer

Time of Day

and stored at —20 °C until further analyses. Pituitaries and
gill filaments (from the second gill arch on the left side of
the fish) were collected into empty tubes, frozen in liquid
nitrogen, and stored at — 80 °C.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from pituitary and gill samples
using TRI Reagent according to the manufacturer’s instruc-
tions (Molecular Research Center, Cincinnati, OH, USA).
Using a High Capacity cDNA Reverse Transcription kit
(Life Technologies, Carlsbad, CA, USA), 30 ng of total RNA
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from pituitary and 400 ng from gill were reverse transcribed
into cDNA. Quantitative real-time PCR (qRT-PCR) assays
were set up as previously described (Pierce et al. 2007),
using the StepOnePlus real-time PCR system (Applied
Biosystems, Carlsbad, CA, USA). The PCR mixture (15 ul)
contained Power SYBR Green PCR Master Mix (Applied
Biosystems), 200 nM of each primer, and 1 pl and 2 pl of
cDNA (equivalent to 1.5 ng and 40 ng total RNA from pitui-
tary and gill, respectively). PCR cycling parameters were
50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles
of 95 °C for 15 s and 60 °C for 1 min. The mRNA levels of
reference and target genes were determined by an absolute

quantification standard curve. Elongation factor la (efla)
levels used to normalize the mRINA levels of target genes.
All primer pairs are listed in Table 1.

Plasma parameters

Ten microliters of plasma were used to measure plasma
osmolality; 10 pl and 25 pl of plasma were used to measure
PRL,;; and PRL g, respectively. Samples were measured in
duplicates for all assays. Plasma osmolality was measured
using a vapor pressure osmometer (Wescor 5100C; Wes-
cor, Logan, UT, USA). Plasma PRL;; and PRL ¢, were

@ Springer
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Fig.4 Branchial gene expres-
sion of prirl (a) and prir2 (b)
in Mozambique tilapia reared

in FW (black dashed), SW
(black dotted) and a TR (solid
black) and sampled over 24 h.
Values represent mean + SEM
(n=6-8). Shading denotes dark
hours. Black lines and symbols
denote branchial prirl or prir2
expression (left y-axis). Grey
lines and symbols denote mean
water salinity measured hourly
in FW, SW, and TR tanks (right
y-axis). Salinity and time effects
were analyzed by two-way
ANOVA, followed by Bonfer-
roni’s test when main or interac-
tion effects were detected (*, **,
*#%P <0.05, 0.01 and 0.001,
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respectively). Mean values not
sharing the same letter are dif-
ferent (P <0.05); uppercase let-
ters indicate differences across
treatments at a given time point;
differences over time within
each treatment are reported in
Supplementary Table 1
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measured by homologous radioimmunoassay as previously
described (Ayson et al. 1993; Yamaguchi et al. 2016).

Statistical analyses

Statistical analyses were conducted by two-way analysis of
variance (ANOVA) with time and salinity treatment (FW-
controls, SW-controls, and TR fish) as main effects. Signifi-
cant interaction effects of time and salinity (P <0.05) were
followed up by Bonferroni’s test. Differences across salinity
treatments are shown in Figs. 1, 2, 3, 4, 5, 6, 7; differences
across time points within a given treatment are reported in
Supplementary Table 1. Data are expressed as mean+ SEM.
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When appropriate, individual values were log-transformed to
meet assumptions of normality and homogeneity of variance.
Statistical analyses were performed using Prism 8.0 software
(GraphPad, La Jolla, CA, USA).

Results
Plasma osmolality, PRL,,;, and PRL, g,
Throughout the 24 h sampling period, plasma osmolalities

in TR fish were elevated in TS (1545 and 0345) compared
with TF (1900 and 0945), with mid-phase (1300, 0100 and
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Fig.5 Branchial gene expres-
sion of ncc2 (a) and nkccla (b)
in Mozambique tilapia reared

in FW (black dashed), SW
(black dotted) and a TR (solid
black) and sampled over 24 h.
Values represent mean + SEM
(n=6-8). Shading denotes dark
hours. Black lines and symbols
denote branchial ncc2 or nkccla
expression (left y-axis). Grey
lines and symbols denote mean
water salinity measured hourly
in FW, SW, and TR tanks (right
y-axis) Salinity and time effects
were analyzed by two-way
ANOVA, followed by Bonfer-
roni’s test when main or interac-
tion effects were detected (*, **,
*#%P <0.05, 0.01 and 0.001,
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respectively). Mean values not
sharing the same letter are dif-
ferent (P <0.05); uppercase let-
ters indicate differences across
treatments at a given time point;
differences over time within
each treatment are reported in
Supplementary Table 1
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0700) values intermediate to TS and TF (Fig. 1). A sharp
drop in plasma osmolality in TR fish began after 0400 and
continued through the final 6 h of the 24 h period. Plasma
osmolality in FW- and SW-controls did not differ for the first
6 h of the experiment but began to diverge at 1900 toward
maximum and minimum values, respectively. Plasma PRL,;,
levels in TR fish remained below 4 ng/ml for the initial 18 h
of the experiment, after which time a rise to~9 ng/ml in
TR fish occurred during the second half of the dark phase
which coincided with a drop in ambient salinity (Fig. 2a).
The onset of this rise was delayed by 3 h, but resembled
the rise observed in FW-controls that also began in the sec-
ond half of the dark hours, spanned 6 h, and peaked just

Time of Day

after the onset of daylight (0700). After the peak in PRL,,
in FW-controls at 0700, a tendency to drop was observed
at 0945. PRL 4, levels in SW-controls remained steady
throughout the 24 h period. Plasma PRL ¢ in FW-controls
was elevated above SW-controls for the majority of the
time-course. PRL¢¢ levels in TR fish remained steady and
similar to those in SW-controls for the initial 18 h, after
which time PRL 45 rose to~ 14 ng/ml. The rise in PRL 4
coincided with a drop in ambient salinity associated with the
tidal cycle (Fig. 2b). This rise in PRL g (similar to PRL ;)
in TR fish was delayed by 3 h relative to the onset of the rise
observed in FW-controls. Like PRL;,, the peak in PRL g4
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Fig.6 Branchial gene expres-
sion of nkaala (a) and nkaalb
(b) in Mozambique tilapia “la
reared in FW (black dashed),
SW (black dotted) and a TR
(solid black) and sampled

over 24 h. Values represent
mean +SEM (n=6-8). Shading
denotes dark hours. Black lines
and symbols denote branchial
nkaala and nkaalb expression
(left y-axis). Grey lines and
symbols denote mean water
salinity measured hourly in FW,
SW, and TR tanks (right y-axis).
Salinity and time effects were
analyzed by two-way ANOVA,
followed by Bonferroni’s test
when main or interaction

effects were detected (*, **, 0
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ferent (P <0.05); uppercase let-
ters indicate differences across
treatments at a given time point;
differences over time within
each treatment are reported in
Supplementary Table 1
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in FW-controls at 0700 was also followed by a fall. PRL g4
levels in SW-controls remained steady throughout the 24 h
period.

Pituitary prl,,, and prl, ;; gene expression

Pituitary mRNA expression of prl,;; was approximately
threefold higher in FW- versus SW-controls (Fig. 3a).
prl ;7 levels in TR fish were intermediate to the FW- and
SW-controls, although more closely resembling the values
observed in SW.

The expression of prl g5 in FW-controls was elevated
compared with SW-controls for the entire experiment
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(Fig. 3b). The difference in pri; g5 levels between FW- and
SW-controls was ~ tenfold greater than that observed for
prly;7; prijge levels in TR fish were generally higher than
levels in SW-controls. While the expression of prl;,, grad-
ually rose in both TR fish and FW-controls throughout the
24 h period, there was no time effect on pri,g.

Branchial prir1 and prir2 gene expression

Branchial gene expression of prirl in FW-controls was
consistently elevated over SW-controls throughout the 24 h
period (Fig. 4a). prirl levels in TR fish were similar to lev-
els in SW-controls in the TS phase (1545 and 0345), and
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Fig.7 Branchial gene expres-
sion of ¢ftr (a) and agp3 (b)

in Mozambique tilapia reared
in FW (black dashed), SW
(black dotted) and a TR (solid
black) and sampled over 24 h.
Values represent mean + SEM
(n=6-8). Shading denotes dark
hours. Black lines and symbols
denote branchial cftr and agp3
expression (left y-axis). Grey
lines and symbols denote mean
water salinity measured hourly
in FW, SW, and TR tanks (right
y-axis). Salinity and time effects
were analyzed by two-way
ANOVA, followed by Bonfer-
roni’s when main or interaction
effects were detected (*, **,
*#%P <0.05, 0.01 and 0.001,
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to levels in FW-controls during the TF phase in both light
(0945) and dark (2145) h. Contrasting with prirl patterns,
prlr2 expression in SW-controls was generally elevated over
FW-controls throughout the sampling period (Fig. 4b). Simi-
lar to patterns observed for prirl expression, prir2 levels in
TR fish resembled expression patterns in SW-controls during
the TS phase (0345) and intermediate phases of the tidal
cycle where salinity was similar to that of SW (1300 and
0100), and with the expression in FW-controls during TF
phases (0945 and 2145) of the tidal cycle (Fig. 4b).

Time of Day

Branchial ncc2, nkcc1a, nkaala, nkaa1b, cftr,
and agp3 gene expression

Throughout the 24 h sampling period, branchial gene expres-
sion of ncc2 was elevated in FW- versus SW-controls. ncc2
expression in TR fish varied minimally from the SW-con-
trols over the entire experiment (Fig. 5a). At 0345, ncc2
expression in FW-controls showed a tendency to increase,
remaining elevated through the final sampling time point
(0945). This rise in ncc2 coincided with increases in plasma
PRL,;; and PRL g4 levels in time-matched FW-controls
(Fig. 2a and b). On the other hand, nkccla mRNA levels in
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Table 1 Primers used for gPCR

Gene Primer sequence (5'-3') R? % Eff. Accession no. References

efla Forward AGCAAGTACTACGTGACCATCATTG 0.999 87.7 HE608771 Breves et al. (2010)
Reverse AGTCAGCCTGGGAGGTACCA

priy7; Forward TGGTTTGGCTCTTTTAACACAGTG 0.999 90.3 M27011 Magdeldin et al. (2007)
Reverse AGACAATGAGGAGTCACAGAGATTTTAC

prlss Forward GGCCACTCCCCATGTTTAAA 0.999 89.0 X93280 Magdeldin et al. (2007)
Reverse GGCATAATCCCAGGAGGAGAC

prirl Forward TGGGTCAGCTACAACATCACTGT 0.999 85.0 EU999785 Pierce et al. (2007)
Reverse GGATGGGGCTTGACAATGTAGA

prir2 Forward GCCCTTGGGAATACATCTTCAG 0.999 72.4 EU999783 Breves et al. (2010)
Reverse GTGCATAGGGCTTCACAATGTC

nce2 Forward CCGAAAGGCACCCTAATGG 0.999 90.2 EU518934 Inokuchi et al. (2008)
Reverse CTACACTTGCACCAGAAGTGACAA

nkccla Forward GGAGGCAAGATCAACAGGATTG 1 85.3 AYS513737 Inokuchi et al. (2008)
Reverse AATGTCCGAAAAGTCTATCCTGAACT

nkaala Forward AACTGATTTGGTCCCTGCAA 0.999 88.0 GR644771 Tipsmark et al. (2011)
Reverse ATGCATTTCTGGGCTGTCTC

nkaalb Forward GGAGCGTGTGCTTCATCACT 0.999 87.1 TMUS82549 Tipsmark et al. (2011)
Reverse ATCCATGCTTTGTGGGGTTA

cftr Forward CATGCTCTTCACCGTGTTCT 1 90.1 AB601825 Moorman et al. (2014)
Reverse GCCACAATAATGCCAATCTG

agp3 Forward CATGTACTATGATGCTTTGTTGCTC 0.993 89.7 AB126941 Watanabe et al. (2005)
Reverse CAAAGAAACCATTGACAAGTGTGA

efla elongation factor la, prl;,, prolacting;;, prl;g prolactinggg, prirl prolactin receptor 1, prir2 prolactin receptor 2, ncc2 Nat/Cl™-
cotransporter, nkccla Nat/K*/2Cl™-cotransporter, nkaala Na*/K*-ATPase ala, nkaalb Nat/K*-ATPase alb, cftr cystic fibrosis transmembrane

conductance regulator, agp3 aquaporin 3

SW-controls ranged from two to nearly fivefold higher than
levels in FW-controls throughout the experiment (Fig. 5b).
nkccla expression in TR fish resembled nkccla patterns in
SW-controls at all time points except for 1900. However,
there was no significant time effect on nkccla expression
(Fig. 5b).

Branchial nkaala expression was 10-30-fold higher in
FW- versus SW-controls; nkaala levels in TR fish were sim-
ilar to those in FW-controls throughout most of the sampling
period (Fig. 6a). nkaala expression in FW-controls reached
peak levels compared with SW-controls at the first 0945 time
point, and again at the second 0945 time point. The onset of
the rise in nkaala expression leading up to the second 0945
time point occurred during the dark hours at 0345, similarly
timed to the observed onset of increases in plasma PRL,,,
and PRL g, levels in FW-controls (Fig. 2a and b). There was
no significant main effect of salinity treatment on branchial
nkaalb expression (Fig. 6b). A significant effect of time was
detected (Supplementary Table 1), with slight reductions in
nkaalb expression in SW-controls and TR fish during the
dark hours (Fig. 6b).

Branchial cftr expression was consistently higher in
SW- versus FW-controls; cftr levels in TR fish were simi-
lar to levels in SW-controls at most time points (Fig. 7a).
Branchial agp3 expression, on the other hand, was higher in
FW-controls compared with SW-controls at all time points
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(Fig. 7b). In TR fish, agp3 levels were intermediate to lev-
els in FW- and SW-controls. However, there was a peak in
agp3 expression at 0945 in TR fish, which was timed with
the aforementioned rises in plasma PRL;; and PRLg¢. This
rise in agp3 expression in TR fish mirrored a similar rise that
occurred in FW-controls.

Discussion

The main objective of this study was to compare the nature
of PRL signaling in a euryhaline teleost at the systemic
and tissue levels in relation to the phases of a tidal cycle.
We approached this objective by rearing tilapia under a TR
and then assessing with high temporal resolution plasma
osmolality and circulating PRLs, as well as branchial prir]
and prlr2 gene expression. We considered these aspects of
PRL signaling in parallel with branchial patterns of ncc2,
nkccla, nkaala, nkaalb, cftr, and agp3 gene expression. To
our knowledge, this is the first study that has examined these
parameters in a euryhaline teleost with sufficient temporal
resolution (every 3 h for 24 h) to contrast systemic and local
modes of endocrine signaling under tidal conditions.

It has been repeatedly demonstrated that pituitary prl and/
or plasma PRL levels are elevated in teleosts held under
steady-state FW versus SW conditions (Ayson et al. 1994;
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Ball and Ingleton 1973; Batten and Ball 1976; Chang et al.
2007; Laiz-Carrion et al. 2009; Ogasawara et al. 1989;
Seale et al. 2012; Varsamos et al. 2006; Wigham and Ball
1977). In Mozambique tilapia, PRL release from the pitui-
tary is stimulated by a fall in extracellular osmolality both
in vivo and in vitro (Borski et al. 1992; Grau et al. 1981;
Seale et al. 2002, 2006, 2012; Yada et al. 1994). In turn, we
were surprised to recently observe that plasma PRLg¢ in TR
tilapia was unchanged throughout the FW and SW phases
of the tidal cycle despite fluctuations in plasma osmolality
(Moorman et al. 2014). In this earlier study, we showed that
PRL,;;, like PRL 44, was decoupled from plasma osmolality
in TR tilapia during the first 18 h of the cycle. Accordingly,
both pituitary pril;,, and pri;gs mRNA levels were stable in
TR tilapia and expressed at levels intermediate to FW- and
SW-controls.

After the first 18 h of sampling, and during the second
FW phase (0945), plasma osmolality dropped markedly in
TR fish (Fig. 1). Attendant increases in plasma PRL,,; and
PRL 5 occurred over the same period (Fig. 2). While these
PRL responses to decreases in extracellular osmolality are
consistent with previous studies (Grau et al. 1981; Helms
etal. 1991; Seale et al. 2002, 2006; Wigham and Ball 1977),
it is unclear what may have precipitated the robust drop in
plasma osmolality during the second FW phase of the sam-
pling period. Interestingly, we observed peaks in plasma
PRLs in the FW-controls at 0700. This pattern resembled
a similarly timed peak in PRL levels in Gulf killifish (Fun-
dulus grandis) maintained in FW under comparable photo-
period and temperatures (Spieler et al. 1978). This suggests
that the peak in plasma PRL levels observed in TR fish in the
current study could be associated with a diurnal rhythm of
PRL secretion. Circulating PRL levels in the SW-controls,
however, did not change between 0345 and 0700, perhaps
due to an overriding effect of the high environmental salinity
(Fig. 2). Whether or not associated with a diurnal rhythm, it
is worth noting that the peaks in circulating PRLs in TR fish
were delayed relative to those in FW-controls, a likely reflec-
tion of the exposure of TR fish to elevated salinity (during
the SW phase) immediately prior to 0700.

Previously, branchial expression of prirl mRNA was
stimulated in a dose-dependent manner by PRL;; and
PRL ¢¢ (Inokuchi et al. 2015) and by transfer from SW to
FW (Breves et al. 2011; Fiol et al. 2009). Consistent with
these patterns, we observed that branchial prirl expres-
sion was elevated in FW- versus SW-controls (Fig. 4a).
prirl levels in TR fish fluctuated between levels observed
in FW- and SW-controls during the 24 h period; prir! lev-
els were elevated during the FW phase of the tidal cycle
(Fig. 4a). Recall that neither plasma PRL,;; nor PRL g4
fluctuated in TR fish (Fig. 2). Thus, the enhancement of
PRL signaling in TR fish to promote phenotypes support-
ive of FW acclimation seemingly occurs at the tissue level

through the modulated expression of prirl. On the other
hand, branchial prir2 expression was shown to increase
following rises in extracellular osmolality both in vivo
(Fiol et al. 2009) and in vitro (Inokuchi et al. 2015). In
the current study, prir2 levels were higher in the gill of
SW- versus FW-controls (Fig. 4b). Additionally, the pat-
tern of prir2 expression in TR fish was opposite to that
of priri. This pattern was consistent with previous find-
ings in TR-acclimated tilapia (Moorman et al. 2014). Fiol
et al. (2009) proposed that cells expressing prir2 have an
improved tolerance to hyperosmotic extracellular condi-
tions and/or capacities to sequester circulating PRLs to
attenuate PRL signaling. The tilapia prir2 gene can be
spliced into long and short variants; the short variant may
prevent the binding of PRL to PRLR1 (Fiol et al. 2009).
The tight control of PRL receptors revealed in the current
study indicates that target tissues directly modulate PRL’s
effects under tidal conditions.

Elevated ncc2 expression in FW- versus SW-controls
throughout the 24 h period was consistent with the role of
ncc2-expressing ionocytes in ion uptake (Fig. 5a) (Breves
et al. 2010; Hiroi et al. 2008; Inokuchi et al. 2008; Kaneko
et al. 2008). As TR fish have previously been shown to main-
tain branchial ionocytes that morphologically resemble SW-
type ionocytes (Moorman et al. 2014), it was not surprising
that ncc2 levels in TR fish were similar to levels in SW-con-
trols. Moreover, the robust expression of nkccla and cftr in
TR fish (Figs. 5b and 7a) indicated the presence of SW-type
ionocytes (Hiroi et al. 2005; Madsen et al. 2007; Marshall
and Singer 2002; Singer et al. 1998). Thus, the gene expres-
sion levels of ncc2, nkccla, and cftr reported here and in
previous studies (Moorman et al. 2014, 2015) are consist-
ent with the abundance of their translated proteins based on
immunohistochemical analysis (Moorman et al. 2014). Con-
sistent with our previous reports of elevated nkaala expres-
sion in response to FW transfer, decreases in extracellular
osmolality, and PRL administration (Inokuchi et al. 2015;
Tipsmark et al. 2011), nkaala expression was higher in FW-
versus SW-controls over the entire experiment (Fig. 6a).
In contrast to the low expression of ncc2, TR fish main-
tained nkaala at levels resembling those observed in FW-
controls. Because nkaala expression in TR fish remained
stable despite elevations in plasma PRLs during the second
FW phase, the capacities for PRL and external salinity to
stimulate nkaala expression were seemingly muted under
a tidal regimen. This clearly contrasts with nkaala patterns
observed under unidirectional salinity transfer paradigms
(Tipsmark et al. 2011).

Branchial agp3 expression in FW-controls was elevated
over SW-controls at all time points (Fig. 7b) consistent with
patterns described in European eel (Anguilla anguilla), Jap-
anese eel (Anguilla japonica), Japanese medaka (Oryzias
latipes), Atlantic killifish (Fundulus heteroclitus), Atlantic
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salmon (Salmo salar), and Mozambique tilapia (Cutler and
Cramb 2002; Jung et al. 2012; Lignot et al. 2002; Madsen
et al. 2014; Moorman et al. 2014, 2015; Tipsmark et al.
2010; Tse et al. 2006). In contrast to ncc2, agp3 expression
rose in FW-controls and TR fish with the rises in plasma
PRLs beginning at 0100 and 0345, respectively. This is con-
sistent with PRL acting as a stimulator of agp3 expression in
tilapia (Breves et al. 2016). At least under a tidal paradigm,
ncc2 and agp3 exhibit different sensitivities to circulating
PRLs.

The regulation of genes encoding branchial effectors of
ion and water movements is tied to osmosensory transduc-
tion networks (Fiol and Kultz 2007). While ncc2, nkccla,
nkaala, nkaalb, cftr, and agp3 are highly responsive to uni-
directional changes in extracellular osmolality and PRL in
tilapia (Breves et al. 2010, 2016; Inokuchi et al. 2015; Seale
et al. 2012; Tipsmark et al. 2011), to our knowledge, rear-
ing fish under a TR has been the only approach that allows
for the examination of these parameters in a paradigm that
decouples PRL from plasma osmolality in vivo (Moorman
et al. 2014, 2015). The observed fluctuations in the expres-
sion of prirs in TR fish, however, indicated that PRL sensi-
tivity is locally mediated by osmotic conditions. Recently,
we found that the sensitivity of PRL cells to both PRL,;; and
PRL 4 is modulated by extracellular osmolality (Yamagu-
chi et al. 2016). This modulation may be mediated, at least
in part, by osmotically induced changes in the expression
of prirs. Similar to the patterns observed in the gill, prir2
expression in the pituitary is upregulated by an increase in
extracellular osmolality in vitro and in vivo (Seale et al.
2012). Thus, while most studies have focused on the func-
tion of ion transporters, pumps, and channels in the context
of ion uptake and secretion (Marshall and Grosell 2006), our
current approach provides insight into the integrated local
osmotic and endocrine control of these targets, where the
environmental regulation of PRL signaling is shifted from
ligands to receptors.

Two general patterns of gene expression in TR-acclimated
fish were identified in this study. While the expression levels
of most genes were stable throughout the tidal cycle, oth-
ers, especially prirl and -2, responded acutely to changes in
salinity. Moreover, tilapia reared under a TR were largely
able to withstand wide fluctuations in external salinity while
maintaining plasma osmolality and circulating PRL,;; and
PRL ¢ levels within narrow ranges. These findings sup-
port the notion that, rather than adjusting circulating PRLs
with each tidal cycle, TR fish regulate PRL signaling via
the transcriptional control of both prirs. We propose that
this mode of regulation aligns the magnitude and nature of
PRL’s effects with a given phase of the tidal cycle. These
effects may include the regulation of branchial permeabil-
ity (perhaps via tight-junctions) given that mRNAs encod-
ing ion channels, pumps, and co-transporters were mostly
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unchanged in TR fish. A suite of branchial genes in teleosts
are known to be directly osmosensitive (Inokuchi et al.
2015), and their expression may be entirely regulated locally,
rather than through systemic hormones, under tidal condi-
tions. Future studies employing tidal paradigms in a broader
suite of euryhaline species will unveil how the coupling of
ambient salinity with endocrine signaling is dependent upon
the experimental paradigm.
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