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Growth hormone transgenesis affects osmoregulation
and energy metabolism in zebrafish (Danio rerio)
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Abstract Growth hormone (GH) transgenic fish are
at a critical step for possible approval for commer-
cialization. Since this hormone is related to salinity
tolerance in fish, our main goal was to verify whether
the osmoregulatory capacity of the stenohaline zebra-
fish (Danio rerio) would be modified by GH-trans-
genesis. For this, we transferred GH-transgenic
zebrafish (T) from freshwater to 11 ppt salinity and
analyzed survival as well as relative changes in gene
expression. Results show an increased mortality in T
versus non-transgenic (NT) fish, suggesting an
impaired mechanism of osmotic acclimation in T.
The salinity effect on expression of genes related to
osmoregulation, the somatotropic axis and energy
metabolism was evaluated in gills and liver of T and
NT. Genes coding for Na™t, KT-ATPase, H"-ATPase,
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plasma carbonic anhydrase and cytosolic carbonic
anhydrase were up-regulated in gills of transgenics in
freshwater. The growth hormone receptor gene was
down-regulated in gills and liver of both NT and T
exposed to 11 ppt salinity, while insulin-like growth
factor-1 was down-regulated in liver of NT and in gills
of T exposed to 11 ppt salinity. In transgenics, all
osmoregulation-related genes and the citrate synthase
gene were down-regulated in gills of fish exposed to
11 ppt salinity, while lactate dehydrogenase expres-
sion was up-regulated in liver. Na®, K*-ATPase
activity was higher in gills of T exposed to 11 ppt
salinity as well as the whole body content of Na™.
Increased ATP content was observed in gills of both
NT and T exposed to 11 ppt salinity, being statistically
higher in T than NT. Taking altogether, these findings
support the hypothesis that GH-transgenesis increases
Na™ import capacity and energetic demand, promot-
ing an unfavorable osmotic and energetic physiolog-
ical status and making this transgenic fish intolerant of
hyperosmotic environments.

Keywords Energy metabolism - Gene expression -
Growth hormone - Somatrotopic axis - Salinity -
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Introduction

Advances in biotechnological methods, especially fish
transgenesis, are potentially important for increasing
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production and economic efficiency in aquaculture.
Transgenic techniques may provide novel aquaculture
methods. A variety of transgenes have been tested to
improve production traits, such as growth, maturation,
resistance to diseases and freezing (Ayoola and Idowu
2008). Since growth is the most important trait for
aquaculture, transgenic fish with improved growth
have been produced through gene transfer. Enhanced
growth using the growth hormone (GH) gene has been
obtained in several fish species, such as rainbow trout
(Pitkdnen et al. 1999), Atlantic salmon (Du et al.
1992), Nile tilapia (Rahman et al. 1998), coho salmon
(Devlin et al. 1994; Devlin et al. 1999), Arctic charr
(Pitkdnen et al. 1999), and mud loach (Nam et al.
2001), among others.

Additionally to its central role in regulating growth,
GH is involved in other physiological processes, such
as appetite and food intake (Guan et al. 2008; Higgs
et al. 2009), metabolism (Leggatt et al. 2003; Guan
et al. 2008) and osmoregulation (for reviews see
Sakamoto and McCormick 2006; Hallerman et al.
2007). In fact, several studies carried out with salmo-
nids and other euryhaline teleosts have shown that an
increase in salinity tolerance is achieved through a
proliferation of chloride cells and stimulation of Nat,
K*-ATPase activity in gills by the GH/IGF axis
(Bolton et al. 1987; Sakamoto and Hirano 1993;
McCormick 1996; Mancera and McCormick 1998).

Insulin-like growth factor -1 (IGF1) is the mediator
of most GH effects and is involved with osmoregu-
latory actions of growth hormone (Reinecke 2010).
GH transgenesis in fish has increased IGF1 expression
in liver and various extrahepatic sites of adult
GH-overexpressing tilapia (Eppler et al. 2010). GH
treatment also enhanced tilapia Oreochromis niloticus
survival in seawater (Xu et al. 1997) and its hypoosm-
oregulatory ability following hypophysectomy (Sa-
kamoto et al. 1997). Likewise, GH treatment increased
salinity tolerance in coho salmon Oncorhynchus
kisutch (Shrimpton et al. 1995), rainbow trout On-
corhynchus mykiss (Sangiao-Alvarellos et al. 2005),
and the euryhaline killifish Fundulus heteroclitus
(Mancera and McCormick 1999).

However, an earlier zebrafish study suggested that
GH gene is functionally divergent between zebrafish
(a stenohaline fish) and other euryhaline teleosts
(Hoshijima and Hirose 2007). In fact, fishes have
seawater genetic heritance and transgenesis could alter
their gene expression profile and provide the protein
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machinery needed to change the salt tolerance capac-
ity. An observation supporting this hypothesis is the
presence of the NKCC cotransporter gene in the
zebrafish genome (Nat, K*, 2Cl~ cotransporter—
GenBank accession number NM001002080), which is
involved mainly in Na' excretion mechanisms in
euryhaline fishes. Accordingly, altering fish growth
through GH transgenesis could imply a modification in
fish osmoregulatory ability, as well as its tolerance to
increasing water salinity. This could prove a useful
trait for practical aquaculture, as supplies of clean
freshwater are limited, but clean brackish or saltwaters
are less limited.

Osmoregulation in fishes occurs mainly in the gills
and involves several hormones and enzymes, which
can also affect the energetic metabolism. In freshwater
fish gills, a decrease in relative permeability can occur
as a strategy to reduce ion loss and/or activate
mechanisms involved in ion uptake from the water.
In this context, Na®, K*-ATPase activity at the
basolateral membrane of the gill epithelium is a major
component involved in NaCl uptake, since it generates
the electrochemical gradient needed for other ion-
transporting mechanisms. Regarding Na® uptake,
these mechanisms also include the apical Na*/H*
exchanger (Parks et al. 2008), Na™ channel (ENaC)
and the proton pump (H*-ATPase). The proton pump
is responsible for proton (H") secretion, thereby
generating a local electrical gradient that promotes
Na™ influx across the apical membrane through a Na™
channel (Evans et al. 1999). Likewise, Na® can
exchange with H using the Na'/H™' transporter.
The intracellular generation of H™ necessary for the
proton apical extrusion via HY-ATPase or Nat/H"
exchanger is derived from CO, hydration catalyzed by
cytosolic carbonic anhydrase (CA2). In turn, the CO,
input involves the activity of plasma carbonic anhy-
drase (CAl) (Breton 2001; Lindskog 1997). In
zebrafish, the osmoregulatory mechanism has been
investigated through gene expression analysis as Na™,
K*-ATPase alphala subunit, carbonic anhydrase-1
and 2 (Craig et al. 2007), Na*/H" exchanger 3b and
H'-ATPase (Yan et al. 2007). All these genes encode
proteins involved with Na™ uptake. However, zebra-
fish gills can show a high degree of phenotypic
plasticity and gene transcription might be differen-
tially regulated depending on the environmental
situation in which fish are acclimated (Craig et al.
2007; Yan et al. 2007).
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Considering the fact that environmental risk of
transgenic fish is related to overexpression of the
transferred gene, our main goal was to verify whether
the osmoregulatory capacity of a stenohaline fish
(zebrafish—Danio rerio) would be modified by GH
transgenesis. For this purpose, the following aspects
were evaluated: (1) influence of increasing salinity on
growth rate of NT zebrafish; (2) expression of major
genes involved in iono-osmoregulatory regulation
of zebrafish [Na®, KTATPase alpha 1 (NKA),
H"-ATPase (HATPAse), plasma carbonic anhydrase
(CALl), cytosolic carbonic anhydrase (CA2), Nat/H"
exchange 3b (NHE3b)], in gills of NT and T zebrafish;
(3) median lethal salinity (MLS) in non-transgenic
(NT) zebrafish; (4) tolerance of GH-transgenic
(T) zebrafish to MLS; (5) salinity effect on expression
of genes related to osmoregulation, somatotropic axis
[GH receptor (GHR) and IGF1] and energy metabo-
lism in gills and liver of NT and T zebrafish; and (6)
salinity effects on Na®, K*-ATPase activity, whole
body sodium concentration, ATP content in gills of
NT and T zebrafish.

Materials and methods
Transgenic and non-transgenic fish

T and NT control zebrafish were obtained from crosses
between non-transgenic females and hemizygous
transgenic males from lineage F0104, following a
protocol previously described (Figueiredo et al.
2007a). The FO104 lineage was produced by the co-
injection of transgenes cbA/msGH and cbA/GFP.
Both transgenes include the carp (Cyprinus carpio) -
actin promoter and either the marine silverside
(Odontesthes argentinensis) GH cDNA (Marins
et al. 2002) or the green fluorescent protein (GFP)
gene. All our experiments were performed as sug-
gested by the Ethics in Animal Use Committee of the
Rio Grande Federal University, where this work was
carried out.

Median lethal salinity for non-transgenic zebrafish
Median lethal salinity (MLS) for NT adult zebrafish

was determined by transferring groups of adult male
fish (30 fish for each group) from salinity O (control) to

2.5,5,7.5, 10, 12.5 and 15 parts per thousand (ppt) for
96 h. Salinity of O ppt (control) represent values lower
than 1 ppt. Experimental salinities were prepared by
mixing dechlorinated tapwater with filtered seawater
and daily monitored with a hand refractometer. Each
experimental salinity was tested in triplicate using
circular 3-1 plastic tanks containing 30 fish in each
tank. The experimental media was continuously
aerated. Water salinity, pH (7.51 £ 0.34), nitrate
concentration  (non-detected) and temperature
(27 £ 1 °C) were monitored daily. Fish were fed
twice a day with commercial ration (ColorBits, Tetra).
Mortality was monitored every 24 h. Death criteria
adopted were lack of both opercular movement and
twitching reflex upon prodding with a needle. MLS
and 95 % confidence interval (CI 95 %) were esti-
mated using the Trimmed—Spearman—Karber method
described by Hamilton et al. (1977).

Growth rate of non-transgenic zebrafish
at different salinities

Growth rates of non-transgenic zebrafish were deter-
mined at different salinities. Groups of twenty
(5 week-old) fish were exposed to salinities of O
(control), 5 and 7.5 ppt for 15 days. Experimental
salinities were prepared and monitored as described
for the MLS test. Each experimental salinity was
tested in triplicate using circular 3-1 plastic tanks
containing 20 fish in each. The experimental media
were continuously aerated. Temperature (27 + 1 °C)
and photoperiod (14:10-h light—dark) were fixed. Fish
were fed twice a day with commercial ration (Color-
Bits, Tetra). Food provided corresponded to 5 % of the
mean fish mass in the respective tank. Growth rate at
each experimental salinity was determined by mea-
suring fish body mass at 7-day intervals. For mea-
surement of growth, fish were anesthetized with
tricaine methanesulfonate (0.1 mg/ml), weighed, and
returned to the respective tank. Endpoints calculated
were relative growth rate (RGR) and instantaneous
growth rate (G). RGR was expressed as the percentage
in body weight (W) increase after 15 days, while G
represented the exponential growth rate. These end-
points were calculated using the equations
RGR = (Wina — Winiga) X (Winitial)il x 100 and
G = In(Wpna — Winiiad) X 157'].
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Salinity tolerance of non-transgenic and GH-
transgenic zebrafish

Salinity tolerance of NT and T zebrafish was tested
using the MLS method described above. T zebrafish
males from F0104 lineage were used for this test.
These fish showed a 2.6-fold higher body mass than
the NT fish at the same age, demonstrating that the
cfA/msGH transgene produces an active hormone
(Figueiredo et al. 2007a). NT and T zebrafish males of
same age (adults) were exposed to 11 ppt salinity for
96 h and mortality rate was checked every 12 h.
Experiments were performed in triplicate (n = 10 fish
per replicate) using the experimental conditions pre-
viously described for the growth rate experiment.

Expression of osmoregulation-related genes

Expression of osmoregulation-related genes [Na™,
K"ATPase alpha 1 (NKA), H"-ATPase (HATPAse),
plasmatic carbonic anhydrase (CA1), cytosolic carbonic
anhydrase (CA2) and Na™/H" exchange 3b (NHE3b)]
was determined in gills of adult male control NT and
control T zebrafish (n = 6). Control means raised at O

ppt salinity. Prior to tissue dissection, adult zebrafish
were anesthetized with buffered tricaine (MS222,
0.2 mg ml™"). Gills were dissected and washed with
deionized water, dried on filter paper, transferred to
plastic assay tubes, and frozen (—80 °C) for subsequent
analysis of gene expression. Isolated gills were mixed
and homogenized in Trizol reagent (Invitrogen, Brazil).
Total RNA was purified with RNAse-free DNAse
(Applied Biosystems, Brazil) following the manufac-
turer’s protocol. The total amount of RNA was deter-
mined with a Qubit Fluorometer and a Quant-iT RNA
BR Assay Kit (Invitrogen, Brazil). For cDNA synthesis,
5 pg of total RNA were reverse-transcribed using a
High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Brazil). The obtained cDNA
was used as a template for gene amplification using
specific primers designed based on specific gene sequences
available at GenBank (www.ncbi.nlm.nih.gov). The
source sequences and designed primers are shown in
Table 1. Primers were designed using Primer Express
2.0 software (Applied Biosystems, Brazil). The total
amount of cDNA also was determined with a Qubit
Fluorometer and Quant-iT ssDNA Assay Kit (Invitro-
gen, Brazil). Quantitative PCR was performed with an

Table 1 Forward and reverse primers used for real-time PCR in zebrafish (Danio rerio)

Gene Sequence

Na™, K*-ATPase alphal (NKA)
H'-ATPase (HATPase)

Carbonic Anhydrase-1 (CAl)
Carbonic Anhydrase-2 (CA2)
Na®/H" exchanger (NHE3b)
Growth hormone receptor (GHR)
Insulin-like growth factor-1 (IGF1)
Citrate synthase (CS)

Lactate dehydrogenase (LDH)

Elongation factor 1-alpha (EFla)

AT AT AT AT R®TR®TR®TR®TR®TRTD

: 5-CGCTCGGCCTTCAGTTTG-3'

GenBank access n.

: 5-GCGGAGAAGGCCGAGAACAA-3’ AF286372

: 5" TTGCCCCCCTGCTCTGA-3’

: 5-CGCCCTCTTTCCGTGTGT-3’ NM201135

: 5-GCCGAAGGCTCCTGGAAT-3’

: 5-CCTTGCTGTGGTTGGAGTTT-3' NM131110
5'-ACACTGATCGGCTCCTTCAA-3'

: 5“TGGACATACCTGGGCTCTCT-3’ EF199215
5'-AGTGGCTGAGGAGGACGATA-3'

: 5“TGCAGACAGCGCCTCTAGC-3’ EF591980
5'-TGTGGCCTGTCTCTGTTTGC-3'
5'-TTCCGGTCGCGCTAGCT-3' EU649774

1 5-GGGAAGCCAAGTCTTCAGGAT-3
5'-CAGGCAAATCTCCACGATCTC-3' NM131825

: 5-TTTGGTGTCCTGGAATATCTGT-3’
5'-CACCATGCTGGACAACTTTCC-3’ BC166040

: 5-GATGGCGGCGCTGAACT-3'
5'-AGCGGTTTGCCCAGGAA-3' NM131246

: 5’-TCCCAACTTCTCCCATCAA-3’

: 5-GGGCAAGGGCTCCTTCAA-3’ NM131263
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ABI 7500 System (Applied Biosystems, Brazil) using
Platinum SYBR Green qPCR SuperMix-UDG (Invit-
rogen, Brazil). Quantitative real-time PCRs with cDNA
serial dilutions was performed for all primers in order to
test reaction efficiency. The thermocycling program
used was 40 cycles of 95 °C for 15 s and 60 °C for 30 s,
with an initial cycle of 50 °C for 2 min and 95 °C for
2 min cDNA (0.8 pL) was used for Q-PCR reaction in a
total volume of 10 pL. Triplicates were run for each
sample. Expression levels of target genes were nor-
malized using the expression of a housekeeping gene,
elongation factor 1a (EF1a). mRNA abundance of EFla
relative to total RNA did not exhibit any significant
difference among experimental groups.

Effect of salinity on the expression of genes related
to osmoregulation, somatotropic axis and energy
metabolism

The effect of median lethal salinity (MLS) on
expression of zebrafish genes related to osmoregula-
tion (NKA alphal, HATPase, CAl, CA2, and
NHE3b), somatotropic axis (GHR and IGF1) and
energy metabolism [citrate synthase (CS) and lactate
dehydrogenase (LDH)] was evaluated in NT and T
zebrafish. Adult males (n = 6 for each fish group)
were exposed to the MLS (11 ppt) for 24 h. Prior to
tissue dissection, adult zebrafish were anesthetized
with buffered tricaine methanesulfonate (MS222,
0.2 mg ml_l). Gills were dissected, washed with
deionized water, dried on filter paper, transferred to
plastic assay tubes, and frozen (—80 °C) for subse-
quent gene expression analysis, ATP concentration
and Nat, KT-ATPase activity. The liver was dis-
sected, washed with deionized water, transferred to
plastic assay tubes, and frozen (—80 °C) for analysis
of energy metabolism-related gene expression. Gene
expression analyses were performed using the same
protocol described above. Primers used for energy
metabolism-related genes are shown in Table 1.

Gill Nat, K™-ATPase activity

Gill enzyme activity was analyzed in NT and T
zebrafish (n = 6 for each group). For the enzyme
activity assay, samples were thawed and kept on ice
throughout the analysis. Tissue was homogenized in
100 pl of ice-cold buffer solution (300 mM sucrose,
20 mM ethylenediaminetetraacetic acid, 100 mM

imidazole, and 0.1 % sodium deoxycholate), and
centrifuged at 5,000g for 30 s at 4 °C. Enzyme
activity was measured in the supernatant using the
method described by Wheatly and Henry (1987) with
modifications according to McCormick (1993). Two
reaction mixtures were assayed. Reaction mixture A
consisted of 20 ml of sample, 50 ml of salt solution A,
and 150 ml of working solution A. Reaction mixture B
consisted of 20 ml of sample, 50 ml of salt solution B,
and 150 ml of working solution B. Salt solution A
contained 100 mM NacCl, 10.5 mM MgCl,, 30 mM
KCl, and 50 mM imidazole, with pH adjusted to 7.5.
In salt solution B, NaCl replaced KCI at the same
concentration. Working solution A contained 5 enzy-
matic units ml~" lactate dehydrogenase, 5 enzymatic
units ml~' pyruvate kinase, 2.8 mM phosphoenolpyr-
uvate, 3.5 mM adenosine triphosphate (ATP),
0.22 mM nicotinamide adenine dinucleotide phos-
phate, and 50 mM imidazole, with pH adjusted to 7.5.
To obtain working solution B, 1 mM ouabain was
added to working solution A. Kinetic assays then were
run in duplicate at 25 °C in a temperature-controlled
microplate reader (Molecular Devices, Menlo Park,
CA, USA), for 10 min. An adenosine diphosphate
standard curve (0—20 n moles/10 ml) also was run.
Nat, KT-ATPase activity was then calculated by
considering the difference in adenosine diphosphate
(ADP) production between the two reaction mixtures
(A and B). Protein content in the homogenate was
measured with Quant-iT™ dsDNA BR Assay Kits
(Invitrogen, Brazil) following the manufacturer’s
protocol. Enzyme activity was then expressed as
umolesADP mg protein~' h™'.

Gill ATP concentration

Gills of NT and T zebrafish exposed to median lethal
salinity (MLS) were sonicated for 30 min in sterile
water and centrifuged at 5,000 rpm for 1 min at 4 °C
(n = 6 for each group). Tissue ATP concentration was
measured in the supernatant using a luciferin-lucifer-
ase ATP Bioluminescent Assay Kit (Sigma-Aldrich,
Brazil) following the manufacturer’s protocol. ATP
concentration was quantified in a luminometer (Victor
2, Perkin Elmer, Brazil). Protein content in the
supernatant was analyzed using the Quant-iT™
dsDNA BR Assay Kit (Invitrogen, Brazil) following
the manufacturer’s protocol. Protein content data were
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used to normalize the measured luminescence (ATP
content).

Determination of whole body Na* concentration

Adult males from T and NT fish (n = 6 for each
group) were exposed to the MLS (11 ppt salinity) for
24 h. Prior to analysis, adult zebrafish were anesthe-
tized with buffered tricaine (MS222, 0.2 mg ml_l).
For determination of whole-body sodium concentra-
tion, fish from freshwater (control) and 11 ppt salinity
were anesthetized in tricaine methanesulfonate, rinsed
in deionised water, blotted dry, digested in 1.5 ml
65 % HNOj3 (Suprapur, Merck) and diluted. Plasma
Na™ was analyzed by flame photometry (Corning 480
FlamePhotometer) and tissue sodium concentrations
are represented as mmol Na™ per wet weight of tissue
(mmol Na*/Kg wet weight).

Statistical analyses

Mortality and growth rate data were compared through
analysis of variance (ANOVA) followed by Tukey’s
test. Significant differences in gene expression data
were assessed using the Relative Expression Software
Tool—REST (Pfaffl et al. 2002). ATP concentration
and Nat, K*-ATPase activity data for NT and T
zebrafish were compared using paired ¢ tests. Normal-
ity and homogeneity of variances were previously
verified. In all analyses, a significant difference was
inferred when P < 0.05.

Results

No mortality was observed in NT zebrafish kept of
salinities of 0 (control), 2.5, 5 and 7.5 ppt for 96 h.
However, 6.7 (£7.7), 70 (£13.5) and 100 % mortality
was observed in those kept in salinities of 10, 12.5, and
15 ppt, respectively. The MLS for NT zebrafish was
calculated as 11.6 ppt (CI 95 % = 11.2-12.2). Per-
centage mortality of NT male zebrafish was lower than
that of T male zebrafish over the 96 h of exposure to
the MLS. After 96 h of exposure, mortality of NT and
T zebrafish was 64 % (£19) and 100 %, respectively
(Fig. 1).

Growth rate of NT zebrafish exposed to 5 ppt
salinity was 1.8-fold higher than in those kept in O ppt
salinity (control). However, growth rate of zebrafish
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Fig. 1 Percentage mortality of non-transgenic (control; NT)
and GH-transgenic (T) zebrafish exposed to salinity of 11 ppt
over 96 h. Data are mean + SEM (n = 10 for each replicate;
n = 3 replicates). Asterisks indicate significant different mean
values between NT and T zebrafish (*P < 0.05)

reared in salinity of 7.5 ppt was not significantly
different from that of control zebrafish (Table 2).

Comparison of gene expression in NT and T
zebrafish (NT x T) under control conditions showed
that the NKA, HATPase, CA1 and CA2 genes were
up-regulated (2.4, 8.5, 3.2 and 9.3-fold induction,
respectively), in T zebrafish, while NHE3b gene
expression did not show significant differences
between the fish groups (Fig. 2).

The effect of 11 ppt salinity on expression of
zebrafish genes related to the somatotropic axis (GHR
and IGF1) was evaluated in NT and T zebrafish. The
GHR gene was significantly down-regulated in gills
and liver of NT zebrafish exposed to 11 ppt salinity (86
and 79.4 % inhibition, respectively). While IGF1 was
down-regulated in liver (89.3 % inhibition) of NT

Table 2 Growth rates of non-transgenic zebrafish juveniles
kept at different salinities [0 (control), 5 and 7.5 ppt] for
15 days. Data are mean + SEM (n = 20 per replicate)

Salinity Initial weight (g) RGR G

0 18.81 (£1.03)* 62.58 (£3.39)" 3.2 (£0.14)*
5 17.24 (£1.11)* 114.06 (£9.96)° 5.0 (£0.31)°
7.5 16.69 (£0.02)* 48.28 (£1.72)* 2.6 (£0.10)*

No significant differences were observed between replicates
(n = 3 tanks) for each experimental salinity. Different letters
indicate significantly different mean values among experimental
salinities for each parameter analyzed (P < 0.05).

RGR relative growth rate (% over 15 days), G instantaneous
growth rate (x 1072 day_l)
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Fig. 2 Relative expression of osmoregulation-related genes in
gills of non-transgenic (control; NT) and GH-transgenic
(T) zebrafish kept under control condition (salinity of O ppt).
The horizontal line represents the relative expression of NT
zebrafish. The expression level of each gene was normalized by
comparison with the expression of the elongation factor 1 alpha
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Fig. 3 Relative expression of somatotropic axis genes in gills
and liver of a non-transgenic (N7) and b GH-transgenic
(T) zebrafish exposed to 11 ppt salinity for 24 h. The horizontal
line represents the relative expression of fish kept under control
condition (salinity of O ppt). The expression level of each gene
was normalized by comparison with the expression of the

exposed to 11 ppt salinity (Fig. 3a). For T zebrafish,
transfer to 11 ppt salinity caused a down-regulation of
GHR in gills and liver (67.8 and 88.9 % inhibition,
respectively). IGF1 was down-regulated (84.1 %
inhibition) in gills of T exposed to 11 ppt salinity
(Fig. 3b).

For NT zebrafish, comparison of gene expression
between those kept under control conditions (salinity
of O ppt) and those exposed to 11 ppt salinity
(NTO x NT11) showed that H"-ATPase, CAl, and
CA2 genes were up-regulated (2.2, 6.3 and 4.7-fold
induction, respectively) in gills of zebrafish exposed to
11 ppt salinity (Fig. 4a). However, the expression of
NKA and NHE3b genes was not significantly different
in the gills of the two fish groups. Regarding energy
metabolism-related genes, CS gene expression was
not significantly different between zebrafish kept

Relative expression level o

(efla) gene. Data are median £ SEM (n = 6). Significant
differences (P < 0.05) in gene expression levels are denoted
by an asterisk. NKA Na't/K'-ATPase gene; H'-ATPase
H*-ATPase gene, CAl carbonic anhydrase 1 gene, CA2
carbonic anhydrase 2 gene, and NHE3b Na*/H" exchanger 3b
gene

2.0+ B IGF1 3 GHR
151
1.0
0.5- T
= i
0.0 . —
Gills Liver

elongation factor 1 alpha (efla) gene. Data are median = SEM
(n = 6). Significant difference (P < 0.05) between zebrafish
kept under control condition (salinity 0; NTO or TO) and those
exposed to 11 ppt salinity (NT11 or T11) is denoted by an
asterisk. IGF1 insulin-like growth factor-1 and GHR growth
hormone receptor

under control condition (0 ppt salinity) and those
exposed to 11 ppt salinity (NTO x NT11) for both
liver and gills (Fig. 5a). Furthermore, LDH expression
did not change in liver of control and salinity-exposed
fish. However, the expression of this gene was
significantly lower (97 % inhibition) in gills of
zebrafish exposed to 11 ppt salinity than in those kept
under the control condition (salinity of O ppt).

For T zebrafish, comparison between those kept
under control condition (salinity of O ppt) and those
transferred to 11 ppt salinity (TO x T11) showed that
all osmoregulation-related genes were down-regulated
(57, 68, 58, 73 and 88 % inhibition for NKA,
HATPase, CAl, CA2 and NHE3b, respectively) in
gills of T zebrafish exposed to 11 ppt salinity (Fig. 4b).
In contrast, LDH gene expression was up-regulated
(5.9-fold) in the liver of T zebrafish exposed to salinity
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Fig. 4 Relative expression of osmoregulation-related genes in
gills of a non-transgenic (NT) and b GH-transgenic (T) zebrafish
exposed to 11 ppt salinity for 24 h. The horizontal line
represents the relative expression of fish kept under control
condition (salinity 0). The expression level of each gene was
normalized by comparison with the expression of the elongation
factor 1 alpha (efla) gene. Data are median == SEM (n = 6).
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Fig. 5 Relative expression of energy metabolism-related genes
in gills and liver of a non-transgenic (NT) and b GH-transgenic
(T) zebrafish exposed to 11 ppt salinity for 24 h. The horizontal
line represents the relative expression of fish kept under control
conditions (salinity 0). The expression level of each gene was
normalized by comparison with the expression of the elongation

of 11 ppt, whereas CS gene expression was down-

regulated (40 % inhibition) in gills of these fish
(Fig. 5b).
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Significant difference (P < 0.05) between zebrafish kept under
control condition (salinity O; NTO or TO) and those exposed to 11
ppt salinity (NT11 or T11) is denoted by an asterisk. NKA Na*t/
K*-ATPase gene, H -ATPase H"-ATPase gene, CAI carbonic
anhydrase 1 gene; CA2 carbonic anhydrase 2 gene, and NHE3b
Na™/H™ exchanger 3b gene

b
15+ . Gils
=3 Liver
*

104

5- T l

"
0  E—— = L
Ccs LDH

factor 1 alpha (efla) gene. Data are median = SEM (n = 6).
Significant difference (P < 0.05) between zebrafish kept under
control condition (salinity 0; NTO or TO) and those exposed to 11
ppt salinity (NT11 or T11) is denoted by an asterisk. LDH
lactate dehydrogenase gene; and CS citrate synthase gene

Na*, K™-ATPase activity was significantly higher
in gills of T zebrafish exposed to 11 ppt salinity when
compared with other treatments (Fig. 6), and fishes
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Fig. 6 Na', K'-ATPase activity in gills of non-transgenic (NT)
and GH-transgenic (T) zebrafish exposed to 11 ppt salinity for
24 h. Data are mean = SEM (n = 6). Different letters denoting
significant difference between zebrafish kept under control
condition (salinity 0; NTO or TO) and those exposed to 11 ppt
salinity (NT11 or T11) (P < 0.05)

from this group (T zebrafish) also showed the highest
whole-body content of Na™ (Fig. 7). However, con-
centration of Na® in whole body of NT zebrafish
exposed to 11 ppt salinity, was higher than for animals
kept under control conditions (T and NT zebrafish at
salinity of O ppt) (Fig. 7).

For both NT and T zebrafish, gill ATP content
increased when fish were exposed to 11 ppt salinity.
However, ATP content was 9.5-fold higher in gills of
T zebrafish when compared to control fish kept at
salinity of O ppt, while it was only threefold higher in
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Fig. 7 Whole-body sodium concentration in non-transgenic
(NTO) and GH-transgenic (TO) zebrafish exposed to 0 ppt
salinity (control) and non-transgenic (NT11) and GH-transgenic
(T11) zebrafish exposed to 11 ppt salinity for 24 h
(mmol kg~ 1). Data are mean £ SEM (n = 6-9). Different
letters denote significant differences among treatment groups
(P < 0.05)

gills of NT zebrafish when compared to their respec-
tive control (Fig. 8).

Discussion

In teleost fishes, growth hormone (GH) has been
shown to have a significant involvement in osmoreg-
ulation, in addition to its growth-promoting role. In the
present study, we evaluated the effect of GH trans-
genesis on osmoregulation and energy metabolism in
zebrafish, a stenohaline freshwater fish. Even though
the choice of this species could seem counterintuitive
for osmoregulation studies since it copes poorly with
increasing salinities, our objective was to verify
whether GH transgenesis could change the species’
salinity tolerance.

The growth rate of non-transgenic zebrafish
exposed to intermediate salinities was evaluated in
order to verify whether its growth rate was affected by
this environmental parameter. Results from the growth
experiment showed that zebrafish exposed to 5 ppt
salinity had higher growth rates than those kept in
salinity of O ppt (control), while the growth rate of fish
reared in 7.5 ppt salinity was not different from that of
control zebrafish. This finding clearly indicates that
moderate increases in salinity can induce growth in
zebrafish. Indeed, in isosmotic condition the consid-
erable costs of osmoregulation are minimized, freeing
up energy for growth. In fact, several studies with
croaker (Peterson et al. 1999), tilapia (Jonassen et al.
1997) and sea bream (Laiz-Carrién et al. 2005)
showed that better growth occurs at intermediate
salinities. Moreover, acclimation to conditions of
isosmotic salinity resulted in significantly higher GH
gene expression in euryhaline species, as silver sea
bream (Deane and Woo 2006), black sea bream
(Deane and Woo 2005), as well as in stenohaline fish
as channel catfish Ictalurus punctatus (Tang et al.
2001; Drennon et al. 2003). While the induction of GH
expression during acclimation to conditions of isos-
motic salinity has been shown for some species, this
phenomenon has yet to be examined in a wider
sampling of marine and especially freshwater fishes.

The molecular mechanism of the salinity/GH rela-
tionship was evaluated by gene expression analysis.
First, we analyzed the expression of osmoregulation-
related genes in NT and T zebrafish and the results
showed that the excessive release of GH in T zebrafish
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Fig. 8 ATP concentration in gills of a non-transgenic (NT) and
b GH-transgenic (T) zebrafish exposed to 11 ppt salinity for
24 h. Data are mean £ SEM (n = 6). Significant difference

promotes an up-regulation of the Na* K" ATPase, H'-
ATPase, plasma carbonic anhydrase and cytosolic
carbonic anhydrase genes, without changes in the
expression of the Na*/H' exchange 3b gene. These
findings are in agreement with the observation that GH
and IGF1 stimulate gill chloride cells in number and/or
size in several fish species (for review, see McCormick
2001). Furthermore, immunocytochemical studies
indicate that hormone-induced increases in Na™,
K*-ATPase activity take place in chloride cells
(Seidelin et al. 1999).

As previously mentioned, two pathways have been
proposed for the apical transport of Na™ in zebrafish
gill cells: an apical V-type H™-ATPase, which is
electrically linked to the Na® absorption via the
epithelial Nat channel, and an electroneutral
exchange of Na' and H" via the apical Na*/H*
exchanger (Hirose et al. 2003; Perry et al. 2003; Evans
et al. 2005). Thus, the increased expression of the
H"-ATPase gene observed in T zebrafish in the
present study suggests that GH may also influence
the Na™ uptake via the apical Na* channel in addition
to the stimulating the increasing number of chloride
cells and consequently NKA expression.

Even though zebrafish gill ionocytes are responsi-
ble for Na*t uptake mechanisms, it is possible that GH
transgenesis works blocking Na™ import and/or pro-
moting Na™ export under hyperosmotic conditions. To
test the hypothesis that a GH-transgenic fish could
modify the osmoregulatory mechanism, we first
determined the MLS for NT zebrafish and then
challenged GH-transgenic zebrafish to this salinity.
Mortalities, 96 h post transfer to 11 ppt salinity were
63 and 100 % for NT and T fish, respectively. Despite
the GH-transgenic zebrafish seeming to be more
sensitive to salinity, this result suggests that both T
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(P < 0.05) between zebrafish kept under control condition
(salinity 0; NTO or TO) and those exposed to 11 ppt salinity
(NT11 or T11) is denoted by an asterisk

and NT zebrafish are not adapted to live in hyperos-
motic environment. Moreover, it would be expected
that at this salinity (11 ppt), the elevation of plasma
sodium concentration would increase the energetic
cost for ionic and osmoregulation, thereby decreasing
the amount of energy available for growth. Even
though there is uncertainly on the actual energetic cost
for osmotic regulation in fish, the classical approach
based on direct measurements of O, consumption
indicates that as much as 20-68 % of the total energy
budget is involved in the process of osmoregulation
(Bouef and Payan 2001).

To clarify the lower ability of T zebrafish to cope
with increasing salinity, the genes coding for the major
proteins involved in ionic and osmotic regulation in
aquatic animals as well as GHR and IGF1 and energy
production (ATP) were investigated. All analyzed
osmoregulatory and somatotropic-related genes were
down-regulated in transgenic zebrafish exposed to 11
ppt salinity. Following transfer from freshwater to
saltwater, the fish must reduce or block this active Na™
entry. In zebrafish gills, H -ATPase-rich cells (HR)
are responsible for Na'-uptake mechanism (For
review, see Hwang 2009). Down-regulation of the
NHE3b gene could be associated with attempts at
reducing Na® import, since NHE3b is the main
exchanger involved with the regulation of internal
Na™ balance (Boisen et al. 2003). Another adaptation
could be the induction of HR cell death, explaining the
parallel decrease of all HR genes seen in T fish.

Thus, GH transgenesis and acute salinity stress
down-regulated osmoregulatory genes in gills of GH-
transgenic zebrafish but increased Nat, KT-ATPase
activity. The Na®, K*-ATPase activity is closely
associated with the osmoregulatory capacity of gills in
eliminating the excess of ions in a hyperosmotic
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environment (Marshall 2002). For example, Mancera
and McCormick (2000) showed a very rapid and
transitory increase in gill Na*, K™-ATPase activity in
the first hours after the transfer of euryhaline Fundulus
heteroclitus to seawater, which is dependent on
translational and transcriptional processes. Therefore,
the higher gill Na®, K*-ATPase activity in GH-
transgenic zebrafish with increasing salinity observed
in the present study suggests that this pump is
activated/stimulated by a combination of increasing
salinity and GH, since the same significant increase
was not observed in NT zebrafish subjected to 11 ppt
salinity.

On the other hand, in freshwater fishes Na*t, K*-
ATPase is responsible for Na™ active uptake and in
this study, we showed a significant increase in Nat,
KT-ATPase activity in gills of GH-transgenic fish. In
order to verify whether this increase in Na*, K*-
ATPase activity reflects an higher ability of Na™
import, we measured the whole-body Na™ concentra-
tion. T zebrafish as well as NT zebrafish exposed to 11
ppt showed an augment in the Na® whole-body
content when compared to the fishes kept under
control condition (salinity of O ppt). These results
indicate that both NT and T zebrafish at 11 ppt are in
an unfavorable physiological situation and that the
excess of GH due to transgenesis stimulates Nat, K*-
ATPase activity, leading to an increase in Na™* uptake.
Thus, no adaptative response was observed as a
consequence of GH-transgenesis which could make
this fish more tolerant to saltwater environments.
Actually, the higher Na™ concentration in T zebrafish
at 11 ppt could contribute to the higher mortality
observed in this group. T zebrafish mortality also
could be associated with other physiological processes
that involve GH expression such as ammonia excre-
tion and acid—base balance, but this is unclear to this
time. In addition, it is important to keep in mind that
saline stress naturally increases energy expenditure,
with this fact much more impacting in a T fish with a
high energy demand imposed by GH excess.

Rosa et al. (2008) reported a significant increase in
oxygen consumption and production of reactive
oxygen species (ROS) in GH-transgenic zebrafish
from the FO104 lineage than in NT zebrafish. A similar
response also was reported for GH-transgenic mice,
where an increment in GH levels was associated with
an increased metabolic demand (Carlson et al. 1999),
increasing the mitochondrial ROS production

(Muradian et al. 2002; Fridovich 2004). These obser-
vations indicate that GH excess has the potential of
inducing oxidative stress in fishes and mammals,
possibly compromising growth by imposing an addi-
tional energetic cost, which is not required when an
adequate balance exists between energy available and
circulating GH level. Leggatt et al. (2009) showed that
a GH transgene significantly influences the metabolic
enzyme capacity in coho salmon, suggesting that
accelerated growth is not met simply by increasing
feed intake, but also by shifting emphasis on energy
production through modification of carbohydrate,
amino acid, and lipid metabolism pathways.
Reorganization and alterations in intermediate
metabolic pathways may occur in an attempt to meet
the increases energetic demand associated with salin-
ity acclimation (for review, see Tseng and Hwang
2008). Some fishes such as the rainbow trout
Oncorhynchus mykiss seem to alter their metabolic
pathways and use lactate as an energetic substrate
during acclimation to changing salinities (Sangiao-
Alvarellos et al. 2005). Lactate is synthesized by the
conversion of pyruvate through the catalytic action of
lactate dehydrogenase (LDH), as an end-product of
glycolysis. In the present study, expression of the LDH
gene was evaluated in both NT and T zebrafish. GH-
transgenic zebrafish subjected to elevated salinity of
11 ppt showed increased expression of the LDH gene
in the liver, but not in the gills. Tseng et al. (2008)
suggested that the stimulation of glycolysis and Kreb’s
cycle is associated with the increased Nat, K*-
ATPase activity observed in mitochondria-rich cells in
fish gills during acute acclimation to seawater. They
also suggested that the lactate released by the liver
during this process can be considered a secondary
metabolite, since both lactate and glucose increased in
the plasma of Spartus aurata immediately after
transfer to seawater (Sangiao-Alvarellos et al. 2003).
The fact that the LDH expression did not change
significantly in the liver of NT zebrafish after abrupt
transfer from freshwater to brackish water (salinity of
11 ppt) is in agreement with findings reported for S.
aurata. In turn, the reduced LDH expression observed
in gills of NT zebrafish exposed to brackish water
indicates that increasing salinity may inhibit LDH
mRNA synthesis in fish that are not being stressed by
continuous growth. On the other hand, increased
expression of the LDH gene in liver of GH-transgenic
zebrafish supports the explanation that these fish are
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using the anaerobic metabolism to meet the additional
energy requirements imposed by the increasing envi-
ronmental salinity.

Energy metabolism also was analyzed in both NT
and T zebrafish through the expression of citrate
synthase (CS), which is the first enzyme involved in
the Krebs’ cycle. This enzyme catalyzes the conden-
sation reaction of acetyl-CoA molecules and oxaloac-
etate to form citrate. In T zebrafish, CS mRNA
synthesis decreased under saline stress, indicating a
possible instant increase of aerobic metabolism in
gills, since the largest inhibitor of CS expression is the
tissue ATP concentration. In contrast, no alteration in
CS gene expression was found in the liver of both NT
and T zebrafish. For a better understanding of these
findings, ATP concentration was determined in gills of
zebrafish kept under control conditions (freshwater) or
exposed to saline stress. The increased ATP content
observed in gills of T zebrafish subjected to 11 ppt
salinity in fact indicate that a higher amount of ATP is
being redirected to the gills during the saline stress,
which would be inhibiting gill CS mRNA synthesis.
Furthermore, increased activity of gill Nat,
K'-ATPase, an ATP-dependent enzyme, also was
observed in T zebrafish exposed to 11 ppt salinity. It is
important to note that a similar response was not
observed in the NT zebrafish, since no significant
change in CS expression and Na®, K'-ATPase
activity was observed in gills of these fish after the
abrupt transfer from freshwater to 11 ppt salinity.

Regarding salinity tolerance, results from the
present study show that GH-transgenic zebrafish are
more sensitive to increased salinity than NT zebrafish.
This reduced tolerance to environmental salinity is
likely because available energy is being used to
support the continuous growth and higher Na™t uptake
induced by the GH excess, which leads to increased
demand for oxygen to supply the aerobic pathways
that support the growth enhancement (Cook et al.
2000; Lee et al. 2003). Another factor that should be
considered is the structure of the transgene used for
transgenic fish production. Normally, transgenes are
designed for inducing over-expression of the gene of
interest through promoters that are characterized by
strong and constitutive expression, in which regulation
is independent of the normal regulation of the target
gene. For example, in the present study, a transgene
comprised of the carp f-actin promoter driving the
expression of the GH gene from the marine silverside
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was employed. Thus, the GH-transgenic zebrafish are
continuously producing this hormone and conse-
quently suffering all its physiological effects. Under
this situation, fish should activate the negative feed-
back system to decrease the amount of circulating GH
that is pushing continuous protein synthesis, thus
avoiding excessive energy loss (Figueiredo et al.
2007b).

Taking altogether, data reported here study clearly
indicate that GH-transgenic zebrafish are continuously
facing an energetic imbalance, and GH excess could
increase Na*t import, leading to higher mortality of GH-
transgenic zebrafish in a hyperosmotic environment.
Thus, we can infer that GH excess caused by transgen-
esis promotes an unfavorable osmotic and energetic
physiological status in GH-transgenic zebrafish.
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