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Abstract  24 

Recent research has shown that nitric oxide (NO) produced by nitric oxide synthases (Nos) is an 25 

inhibitor of ion transporter activity and a modulator of epithelial ion transport in fish but little is 26 

known on changes in the Nos/NO system during osmotic stress. We hypothesized that the Nos/NO 27 

system responds to salinity changes as an integrated part of the acclimation process. Expression and 28 

localization of nos1/Nos1 and nos2/Nos2 were investigated in gill, kidney and intestine of FW- and 29 

SW-transferred trout using qPCR, Western blotting and immunohistochemistry, along with 30 

expressional changes of major ion transporters in the gill. The classical branchial ion transporters 31 

showed expected expressional changes upon SW-transfer, there among a rapid decrease in Slc26a6 32 

mRNA, coding a branchial Cl
-
/HCO3

-
 exchanger. There was a major down-regulation of 33 

nos1/nos2/Nos2 expression in the gill during SW-acclimation. A significant decrease in plasma 34 

nitrite supported an overall decreased Nos activity and NO production. In the middle intestine, Nos1 35 

was up-regulated during SW-acclimation, whereas no changes in nos/Nos expression were observed 36 

in the posterior intestine and the kidney. Nos1 was localized along the longitudinal axis of the gill 37 

filament, beneath smooth muscle fibers of the intestine wall and in blood vessel walls of the kidney. 38 

Nos2 was localized within the epithelium adjacent to the gill filament axis and in hematopoietic 39 

tissues of the kidney. We conclude that down-regulation of branchial Nos is integrated to the SW-40 

acclimation process likely to avoid inhibitory effects of NO on active ion extrusion.  41 

 42 

Keywords: Hyper-osmotic stress, Ion transporter, Nitric oxide, Nitric oxide synthase, 43 

Osmoregulation.  44 
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Introduction 45 

The signalling agent nitric oxide (NO) is produced by the enzyme NO synthase (Nos), which is 46 

expressed as two isoforms in fish: Nos1 (or neuronal nNos) and Nos2 (or inducible iNos) (2). NO is 47 

known to influence various physiological functions in fish, including those associated with 48 

environmental stress responses. For example, involvement of the Nos/NO system was reported in 49 

some fish species exposed to hyper-ammonia, pathological conditions, hypoxia/anoxia, high 50 

ambient nitrite, desiccation stress, temperature elevation and acid/base disturbance (3, 7, 8, 9, 10, 51 

11, 20, 26, 31, 34, 37, 53, 64, 67). Surprisingly, dynamics of the Nos/NO system during osmotic 52 

stress has not received much attention despite its emerging role as a modulator of ion transport (21, 53 

59). In a recent study, we found that NO was involved in the down-regulation of Cl
-
 secretion 54 

elicited by hypotonic exposure in the opercular epithelium of the SW-acclimated killifish (21). Two 55 

studies have reported temporary elevation of nos1 mRNA level during hyper-osmotic stress in the 56 

preoptic-hypothalamic and caudal neurosecretory system of tilapia (Oreochromis mossambicus) and 57 

European flounder (Platichthys flesus), suggesting that NO is a short-term effector in the neuronal 58 

response for acclimation to hyper-osmotic stress (12, 48). However, there are no reports of the 59 

dynamics of the Nos/NO system in the osmoregulatory gill, kidney and intestine during hyper-60 

osmotic stress.  61 

The euryhaline rainbow trout (Oncorhynchus mykiss) is a commonly used model in research 62 

on salinity acclimation, and many facets of its acclimatory responses are well described from the 63 

molecular to the organismic level. There is an overall shift from an ion-absorptive mode in 64 

freshwater (FW) to an ion-secretory mode in seawater (SW), which among other details (see 29, 49) 65 

includes an important differential regulation of branchial ion transport proteins, including Na
+
, K

+
-66 

ATPase (Nka) isoforms, Na
+
, K

+
,2Cl

-
 cotransporter (Nkcc), cystic fibrosis transmembrane 67 

conductance regulator (Cftr), H
+
-ATPase, and Cl

-
/HCO3

-
 exchanger (Slc26a6) (4, 27, 45, 63, 66, 68 

70). This regulation is controlled by multiple signalling events, including long-term endocrine 69 

transcriptional effectors (e.g. cortisol, growth hormone and prolactin) and rapid but short-term 70 

neurotransmitters of the adrenergic system (e.g. catecholamines) (15, 44, 50, 52). NO is likely to be 71 

an additional agent, since its signalling functions include modulation of NaCl transport in the 72 

opercular epithelium (gill-like epithelium) and intestine of SW fish (16, 21, 71) and modulation of 73 

enzymatic activity of ion transporters like Nka and H
+
-ATPase in gill, kidney and intestine of fish 74 

(13, 60, 69). We therefore hypothesized that the Nos/NO system responds during salinity changes 75 

as an integrated mediator of the acclimation process. In order to investigate this, we analysed 76 
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expression of nos1/Nos1 and nos2/Nos2 in gill, kidney and intestine of rainbow trout switching 77 

from an absorptive (hyper-osmoregulating) to a secretory (hypo-osmoregulating) mode during SW-78 

transfer. Measurement of the NO metabolite nitrite (NO2
-
) was used as indicator of Nos activity and 79 

NO production (43). The kinetics of expressional changes of classical branchial ion transporters 80 

(nka α1a, nka α1b, cftr1, nkcc1 and slc26a6) were used to verify progress of the physiological 81 

adjustments. In parallel, Nos1 and Nos2 were localized in the osmoregulatory tissues using 82 

immunohistochemistry to further identify the potential role(s) of NO in each tissue. 83 

 84 

Materials and methods 85 

Animals 86 

Juvenile all-female rainbow trout, O. mykiss (24.5 ± 0.3 g) were obtained from a local fish farm 87 

(Lihme, Randbøl, Denmark). Fish were maintained indoor at the University of Southern Denmark 88 

(Odense Campus) at 15°C and 12h:12h light:dark cycle in aerated bio-filtered, recirculated 89 

freshwater. Fish were fed commercial trout food (Inicio, Biomar, Denmark) until three days before 90 

start of experiments. The experimental work followed the guidelines of the Danish Law on Animal 91 

Experiments. 92 

 93 

Experiment 1 94 

A preliminary experiment was conducted to track the detailed kinetics of changes in mRNA 95 

expression of nos and various ion transporter genes in the gill during SW-acclimation and to report 96 

changes in branchial Nos protein abundance 168 h after SW-transfer. Groups of eight fish were 97 

directly transferred from FW to 80% artificial SW (25 ppt, Red Sea Salts, Verneuil s/Avre, France) 98 

and sampled at 4 h, 24 h, 72 h and 168 h after the transfer. A time 0 FW group served as control. 99 

Upon sampling, individual fish were netted and anesthetized with 2-phenoxy-ethanol (Sigma-100 

Aldrich, Steinheim, Germany) in either FW or SW and then euthanized by cutting the spinal cord. 101 

The 2
nd

 left gill arches were dissected out and stored at -80°C until analysis by qPCR. 102 

 103 

Experiment 2 104 

Based on results from experiment 1, a full experiment was designed with parallel sampling of both 105 

FW-FW and FW-SW transferred fish. In this experiment, changes in nos gene and Nos protein 106 

expression were evaluated in gill, kidney and intestine, along with the transcriptional change in 107 

branchial ion transporters. Groups of eight fish were placed in separate tanks before the experiment 108 
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and sampled 24 h and 168 h after FW-FW transfer (control groups) or FW-80% artificial SW-109 

transfer. A FW control group was sampled at 0 hr. Upon sampling, individual fish were netted and 110 

anesthetized with 2-phenoxy-ethanol (Sigma) in either FW or SW. Blood was drawn from the 111 

caudal vessels before the fish was killed by cutting the spinal cord. The 2
nd

 and 3
rd

 left gill arches, 112 

middle intestine (section between the pyloric caeca and the ileorectal valve), posterior intestine 113 

(section after the ileorectal valve) and the posterior trunk of kidney were dissected out. Samples 114 

were taken for multiple analyses by qPCR, immunohistochemistry and immunoblotting. Blood 115 

samples were immediately centrifuged (2 min at 12,000 g) and the plasma was frozen in liquid 116 

nitrogen and stored at -80 °C for later measurements of NO metabolite nitrite and osmolality.  117 

 118 

Extraction of RNA, cDNA synthesis and real-time qPCR  119 

Total RNA was extracted with TRIsure
TM

 reagent (Bioline, London, UK) and DNAse treated 120 

(Promega Biotech AB, Stockholm, Sweden) prior single-stranded cDNA synthesis using a High 121 

Capacity cDNA reverse transcriptase kit (Applied Biosystems, Foster, CA, USA) with 1 µg total 122 

RNA in a total volume of 20 µl. All steps were conducted following the manufacturer's instructions. 123 

Real-time PCR analysis was carried out on a Mx3000P instrument (Stratagene, La Jolla, CA, USA) 124 

using standard software setting. Reactions were carried out with 1 μl cDNA, 3 μl primer mix (200 125 

nmol l
-1

 final concentration) and 7.5 μl SYBR® Green JumpStart™ Taq ReadyMix™ (Sigma)
 
in a 126 

total volume of 15 μl nuclease-free water. Cycling conditions: 95°C for 3 min followed by: 95°C 127 

for 10 s, 60°C for 60 s (ef1α, nka α1a, nka α1b, cftr1, nkcc1 and slc26a6) or 64°C for 60 s (nos1 128 

and nos2) for 40 cycles. Melting curve analysis was carried out routinely with 30 s for each 1°C 129 

temperature interval from 55° to 95°C.  130 

Primer sequences used in this study are listed in Table 1. nos2 and nos1 primers were 131 

designed using O. mykiss nos2 and nos1 nucleotide sequences. slc26a6 primers were developed 132 

from an O. mykiss cloned sequence (4). nka α1a, nka α1b, nkcc1, cftr1 and ef1α primers were 133 

identical to those previously described (42). Amplification efficiency of each primer set (established 134 

by a six point cDNA four-fold dilution series in duplicate and analysed by qPCR) was used for 135 

calculation of relative copy numbers of the individual target genes (61); using the formula: 136 

(1+Etar)^-Cttar)/(1+ E ef1α)^-Ctef1α, where E is the amplification efficiency for the primer pairs, Ct is 137 

the threshold cycle value of the PCR products, and tar is the target gene. ef1α was used as 138 

normalization/housekeeping gene after confirmation of its stability among groups.  139 

 140 
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Primary antibodies 141 

A homologous Nos2 affinity purified rabbit polyclonal antibody was designed and generated by 142 

GenScript (Piscataway, New Jersey - USA) for this study. The peptide sequence 143 

SHQTKPNKWETRAN near the N-terminus of Nos2 of rainbow trout origin was chosen as epitope 144 

for antibody generation (Genbank acc. No. CAC82808.1). We validated the specificity of the 145 

antibody by Western blot and immunohistochemistry by pre-absorption with up to 100-fold molar 146 

excess of the antigenic peptide. Cross-reactivity between Nos2 and Nos1 antibody was assessed and 147 

shown to be non-existent. The molecular masses of Nos1 and Nos2 were determined by denaturing 148 

polyacrylamide gel electrophoresis (SDS-PAGE) using SeeBlue® Pre-stained Protein Standard 149 

(Invitrogen, Carlsbad, CA, USA). 150 

For detection of Nos1, a commercial affinity purified rabbit polyclonal antibody (SC-648; 151 

1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used. This antibody was raised 152 

against a peptide near the C-terminus of Nos1 of rat origin, and it was previously validated for 153 

Western blotting by pre-absorbing the primary antibody with Nos1 blocking peptide on rainbow 154 

trout head kidney tissue (53). 155 

 156 

Western Blotting 157 

Relative abundance of Nos2 and Nos1 protein in gill, middle intestine, posterior intestine and trunk 158 

kidney were determined by SDS-PAGE and Western blotting. Tissues from five 168 h FW-159 

transferred and five 168h SW-transferred fish were homogenized in ice-cold SEI buffer (in mmol l
-

160 

1
: 300 sucrose, 20 EDTA, 50 imidazole - pH 7.3) with 1% protease inhibitor cocktail (P8340, 161 

Sigma). The homogenates were centrifuged at 2,000 g for 10 min at 4°C to remove cell debris. The 162 

resulting supernatants were then centrifuged at 45,000 g for 30 min to pellet an enriched plasma 163 

membrane fraction. The supernatant and the re-suspended (in SEI buffer) pellet were used for 164 

further analyses. Optimal protein concentration and fractions (supernatant or pellet) to be loaded 165 

were determined in preliminary work and found to be 50 µg of gill supernatant, 50 µg of kidney 166 

pellet and 20 µg of intestine pellet. Protein determination was performed using absorbance at 280 167 

nm with a NanoDrop ND-1000 spectrophotometer (NanoDrop technologies, Wilmington, DE). 168 

Samples were size-fractionated using 12% separating and 4% stacking polyacrylamide gels for 35 169 

min at 200 V using NuPAGE® MES SDS running buffer (Invitrogen). Proteins were then blotted 170 

onto a nitrocellulose membrane (Amersham™ Protran™ 0.45 µm NC, GE healthcare, Germany) 171 

using a Tris-Glycine transfer buffer (7.5 mmol l
-1

 Tris, 60 mmol l
-1

 Glycine, 20% v/v methanol) for 172 



7 
 

2 hours at 25 V. Membranes were blocked overnight in 2% bovine serum albumin (BSA) in Tris-173 

buffered saline containing Tween 20 (TBS-T; 20 mmol l
-1

 Tris, 140 mmol l
-1

 NaCl, 1% Tween 20). 174 

For immunodetection, the blots were double labelled for 1 hour at room temperature in a cocktail 175 

solution containing either the heterologous polyclonal rabbit anti-Nos1 (0.8 µg ml
-1

) or the 176 

homologous polyclonal rabbit anti-Nos2 (1 µg ml
-1

) antibody and a heterologous monoclonal 177 

mouse anti-β-actin (1:5000; [mAbcam 8224], Abcam
®

, Cambridge, UK) antibody diluted in 178 

blocking buffer. Membranes were washed 4 x 5 min in TBS-T before incubation with goat-anti 179 

rabbit IgG Cy5
®

 (1:3000, Invitrogen) and goat-anti mouse IgG Cy3
®

 (1:3000, Invitrogen) 180 

secondary antibodies in blocking solution for 30 minutes at room temperature. Membranes were 181 

then washed 4 x 5 min in TBS-T. After final washing, membranes were air-dried and scanned using 182 

a Typhoon™
 
FLA 9500 laser scanner (GE healthcare, Little Chalfont, UK) set to either Cy5

®
 or 183 

Cy3
®

 excitation and emission wave-lengths (Cy5
®

: ~650 and ~670 nm, Cy3
®

: ~550 and ~570 nm 184 

respectively). Densitometric analysis of Nos bands was performed using ImageJ gel analyser (ver. 185 

1.50i; National Institutes of Health; 65). β-actin was used as a loading control and for normalization 186 

of relative Nos abundance.  187 

  188 

Immunohistochemistry 189 

Preparation of gill, trunk kidney, middle and posterior intestine tissues from FW- and SW-190 

acclimated trout was performed using the procedure described previously (14). Prior to 191 

immunostaining, the sections were blocked for 2 h in PBS (in mmol l
-1

: 137 NaCl, 2.7 KCl, 1.5 192 

KH2PO4, 4.3 Na2HPO4, pH 7.3) containing 3% BSA at room temperature. The slides were then 193 

double-labelled with either the rabbit anti-Nos1 (1 µg ml
-1

) or the rabbit anti-Nos2 (4 µg ml
-1

) and a 194 

mouse monoclonal anti-chicken Nka α5 antibody (0.5 µg ml
-1

; developed by Douglas M. 195 

Fambrough and obtained from the Developmental Studies Hybridoma Bank created by the NICHD 196 

of the NIH and maintained at The University of Iowa, Department of Biology, Iowa City, IA). 197 

Primary antibodies were diluted in PBS containing 3% BSA and incubated overnight at 4°C. In 198 

control slides, primary antibodies were omitted. After three washes in PBS, sections were incubated 199 

for 2 h at 37°C with goat anti-mouse IgG Oregon Green
®

 488 (1:3000; Invitrogen) and goat anti-200 

rabbit IgG Alexa Fluor
®

 568 (1:3000; Invitrogen) secondary antibodies diluted in PBS containing 201 

3% BSA. Sections were washed 3 x 5 min in PBS followed by a wash in distilled water. Coverslips 202 

were mounted on the slides with ProLong® Gold antifade reagent (Invitrogen). Representative 203 
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pictures of the stain tissues were obtained with a Zeiss LSM510 META confocal microscope (Carl 204 

Zeiss, Oberkochen, Germany). 205 

 206 

Plasma and water measurements 207 

The NO metabolite nitrite (NO2
-
) was measured in plasma by highly sensitive reductive 208 

chemiluminescence, using a Sievers (Boulder, CO, USA) Nitric Oxide Analyzer (NOA, model 209 

280i) and previously described procedures (25, 33). Tank water [NO2
-
] was also measured by the 210 

chemiluminescent method, and water [Cl
-
] was determined by coulometric titration (Sherwood 211 

Scientific Chloride Analyzer 926S, Cambridge, UK). Osmolality of plasma and water were assessed 212 

with a cryoscopic osmometer (OSMOMAT
® 

030, Gonotec GmbH, Berlin, Germany). 213 

 214 

Statistical analysis 215 

All data are presented as mean ± s.e.m and mRNA expression data were normalized to the FW 216 

control group at 0 h. mRNA data from experiment 1 (inserts in Fig. 1 and 2) were analysed with 217 

one-way ANOVA followed by Dunnett’s multiple comparisons tests (GraphPad Prism v5.02 218 

software, La Jolla, CA, USA). mRNA expression and [NO2
-
] data from experiment 2 were analysed 219 

by generalized linear models (GLM) with gamma distribution error, and the relative abundance of 220 

Nos protein was analyzed with unpaired two-tailed Student t-tests with Welch correction for non-221 

homogeneity of variance (RStudio, Version 0.99.903). Statistical significance was accepted at P = 222 

0.05.  223 

 224 

Results 225 

Plasma osmolality and transcriptional regulation of ion transporters 226 

Figure 1A shows that fish transferred into 80% SW experienced hyper-osmotic stress with a 227 

significant increase in plasma osmolality at 24 h. After 168 h plasma osmolality was regulated back 228 

to a level only slightly higher than in FW fish (Fig. 1A). This was accompanied by major changes 229 

in mRNA levels of key ion transporter genes. Similar transcriptional patterns were observed in gills 230 

from experiments 1 and 2. Results from experiment 1, giving more detailed insight into the kinetics, 231 

are presented in small inserts together with the corresponding results from experiment 2 (Fig. 1; 232 

Fig. 2). nka α1a was significantly down-regulated (Fig. 1B), whereas nka α1b (Fig. 1C), cftr1 (Fig. 233 

1D) and nkcc1 (Fig. 1E) were significantly up-regulated within 24 h (Fig. 1B, C, D, E and inserts) 234 

following SW-transfer. Our evaluation of slc26a6 expression kinetics during SW-acclimation 235 
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documented a drastic and rapid down-regulation of slc26a6 mRNA levels within 4 h in SW (Fig. 1F 236 

insert), and the gene was barely expressed after 168 h (Fig. 1F).  237 

 238 

Change in nos expression during SW-acclimation  239 

Branchial mRNA levels of nos2 and nos1 were significantly down-regulated during SW-240 

acclimation compared to the FW-transferred groups (Fig. 2 A, B). nos2 expression in the FW-241 

transferred group was also transiently decreased at 24 h but after 168 h nos2 levels were similar to 242 

the FW control group at 0 h (Fig. 2A). 243 

Renal (Fig. 2 C, D) and posterior intestine (Fig. 2 E, F) mRNA expression of both nos2 and 244 

nos1 did not differ between FW and SW-transferred groups. The levels of nos mRNA in the middle 245 

intestine are not reported, as no stable normalization genes were found in this tissue.  246 

 247 

Detection of Nos proteins and their expression during SW-acclimation 248 

Expression of Nos2 and Nos1 proteins in tissues of rainbow trout was investigated by Western 249 

blotting. The anti-Nos2 antibody, designed for this study, recognized a protein at 134 ± 0.8 kDa in 250 

the gill (supernatant fraction) and kidney (pellet fraction) homogenate (Fig. 3A) corresponding to 251 

the predicted molecular mass of Nos2 (131 kDa). The specificity of the anti-Nos2 antibody was 252 

demonstrated with both the pellet fraction of kidney (by Western blot; Fig. 3B) and gill tissue 253 

sections (by immunohistochemistry; see below) and showed that the band at 134 kDa (i.e. the Nos2 254 

specific staining) was eliminated after pre-incubation of the primary antibody with the specific 255 

blocking peptide. The specific Nos2 band at 134 kDa was not detected in the homogenate from 256 

middle and posterior intestine. 257 

The anti-Nos1 antibody recognized a protein at 157 ± 0.2 kDa (Fig. 3C) in both pellet and 258 

supernatant fractions of intestine corresponding to the predicted molecular mass of Nos1 (160 259 

kDa). However, a band with a lower molecular mass was detected by the anti-Nos1 antibody at 121 260 

± 0.1 kDa in the supernatant fraction that was not found in the pellet fraction. Using the current 261 

methodology, the Nos1 band at 157 kDa could not be detected in gill and kidney homogenates. 262 

In the gill, Nos2 protein level was significantly lower in SW-transferred fish than in FW fish 263 

(Fig. 4A and insert), whereas SW-transfer did not affect Nos2 protein level in the kidney (Fig. 4B). 264 

Nos1 protein level increased in middle intestine after SW-transfer (Fig. 4C) but no change in Nos1 265 

protein level was observed in the posterior intestine (Fig. 4D).  266 

 267 
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Plasma and water measurement 268 

Plasma [NO2
-
] was 1.8 ± 0.3 µmol l

-1
 in FW-trout and decreased gradually after SW-transfer to 0.7 269 

± 0.3 µmol l
-1

 at 24 h and 0.4 ± 0.1 µmol l
-1

 at 168 h (Fig. 5). Fresh water [NO2
-
] was < 4.4 µmol l

-1
 270 

and a water [Cl
-
] of 9 mmol l

-1
 precluded any active branchial nitrite uptake. 271 

 272 

Localization of Nos immunoreactivity  273 

In the gill, Nos2-immunoreactivity (IR) was found within the epithelium of the gill filament, close 274 

to the base of the lamellae, and was not associated with Nka-IR, used to localize ionocytes (Fig. 6A 275 

and 6B). Nos2-IR was found scattered in the haematopoietic tissues of the trunk kidney (Fig. 6C, D) 276 

but not in tubular regions positive to Nka. No IR for Nos2 was detected in the middle and posterior 277 

intestine (not shown). When the primary antibody was blocked with the antigenic peptide (Fig. 6E) 278 

or omitted (Fig. 6F) no IR was observed. Nos1-IR was specifically observed along the midline of 279 

the gill filament, below Nos2-IR but not co-localized with it (Fig. 7A, B). Yet, Nos1-IR was absent 280 

in sagittal gill sections on both the afferent and efferent sides of the midline. The distribution of 281 

Nos1-IR relative to Nos2-IR in the gill filaments is sketched in Figure 8. In the kidney, Nos1-IR 282 

was occasionally found associated with the wall of small (<20 m diameter) blood vessels (Fig. 7C, 283 

D). In the middle and posterior intestine Nos1-IR was observed running along circular muscles 284 

layer in the intestinal wall (Fig. 7E, F).  285 

The immunolocalization of Nos1 and Nos2 is only shown in FW fish (Fig. 6 and Fig. 7) and was 286 

similar in SW-acclimated fish (not shown).  287 

 288 

Discussion  289 

The long-term rearrangement of ion transporter protein expression occurring during salinity 290 

acclimation and its control by various endocrine effectors has been widely studied (24, 44). On the 291 

other hand, the short-term (rapid) modulation of ion transport, which may be crucial during the 292 

initial phase of the acclimation process, is poorly understood. The short-lived gasotransmitter NO 293 

displays physiological functions that make it a good candidate for rapid control/modulation of ion 294 

transport in fish (21, 59). The present study is the first to report tissue-specific changes in the 295 

Nos/NO system in a euryhaline fish during SW-acclimation. The euryhaline rainbow trout was 296 

chosen as model for our studies, because the osmoregulatory mechanisms and the endocrinology of 297 

long-term adjustment are well characterized and, additionally, some background information on 298 

Nos expression and NO physiology was available. The major findings include a decrease in 299 
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branchial Nos expression and NO production and an increase in intestinal Nos expression. We 300 

suggest that the Nos/NO system is involved in the readjustment of branchial and intestinal 301 

osmoregulatory function during salinity transfer.  302 

Transcriptional changes in branchial ion transporter genes 303 

After SW-transfer, trout responded as expected with a temporary and significant (25%) increase in 304 

plasma osmolality at 24 h, which was homeostatically corrected at 168 h. We evaluated the 305 

transcriptional regulation of several branchial ion transporters during SW-acclimation to verify a 306 

normal osmoregulatory response in the fish and to obtain additional information. nka α1a (coding 307 

the Nka α isoform involved in FW ion uptake) was down-regulated (Fig. 1B), whereas nka α1b 308 

(coding the Nka α isoform involved in SW ion secretion) was up-regulated during SW-acclimation 309 

(Fig. 1C) as previously reported (63). nkcc1, coding for the basal secretory isoform of the Na
+
, K

+
, 310 

2Cl
- 
co-transporter involved in NaCl secretion, and the apical chloride channel (cftr1), involved in 311 

Cl
-
 secretion, were both up-regulated during SW-acclimation (Fig. 1D, E), as expected (66, 70). 312 

slc26a6 that codes an apical HCO3
-
/Cl

-
 exchanger (involved in active Cl

-
 uptake in FW) was down-313 

regulated during SW-acclimation and barely expressed in SW fish after 168 h, which agrees with 314 

two recent studies comparing slc26a6 expression in gill (4) and isolated ionocytes (45) of FW and 315 

SW-acclimated trout. Our study is the first to report on the kinetics, and we show a rapid and 316 

extensive down-regulation of slc26a6 expression already within 4 h after transfer to SW (Fig. 1F), 317 

which is the fastest transcriptional regulation among all examined transporter genes (Fig. 1). The 318 

rapid down-regulation of slc26a6 complies with the idea that the branchial Cl
-
/HCO3

-
 exchanger is 319 

central for active ion uptake in FW but redundant in the secretory SW gill, except for a small 320 

amount of protein for acid-base regulatory purpose (17).  321 

 322 

Branchial Nos regulation during SW-acclimation and localization 323 

The Nos/NO system underwent major changes in the gill in response to the change in salinity. Both 324 

nos1 and nos2 mRNA expression were rapidly and significantly decreased following SW-transfer 325 

(Fig. 2A, B). A temporary and moderate decrease of branchial nos2 mRNA expression was also 326 

observed following FW sham-transfer (Fig. 2A), which may be related to handling stress that 327 

produce a transient peak of cortisol secretion. In a recent study (22), we demonstrated that cortisol 328 

treatment induces branchial nos2 down-regulation in FW and SW rainbow trout. The suspected 329 

transient stress-induced change in cortisol was, however, not sufficient to induce changes in ion 330 

transporter expression.  The decrease in nos2 mRNA expression following SW-transfer was long-331 
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lasting and it further translated to the protein level (Fig. 4A), as confirmed by Western blotting, 332 

suggesting a decreased Nos2 activity and NO production. Direct measurement of NO production is 333 

complicated due to its short half-life, but the more stable NO metabolite nitrite (NO2
-
) is routinely 334 

used as an indicator of Nos-derived NO production (43). The plasma level of NO2
-
 measured in 335 

FW- and SW-transferred trout was within the natural physiological range observed in teleost (18). 336 

Yet, the level of NO2
-
 in the plasma decreased significantly in fish during SW-exposure (Fig. 5), 337 

suggesting a decreased Nos activity and NO production. This does not necessarily reflect a 338 

decreased NO production in a specific tissue (6), but since hypoxia-induced up-regulation of nos2 339 

in the gill of trout is paralleled by an increased plasma [NO2
-
] (34), there appears to be some 340 

correlation between branchial Nos activity and plasma [NO2
-
]. Indeed, the gill is the only organ 341 

whose capillary bed is perfused with the whole cardiac output, and the branchial Nos activity/NO 342 

production is therefore likely to influence the systemic NO2
-
 level. While down-regulation of 343 

branchial Nos2 was observed at both mRNA and protein levels, the down-regulation of branchial 344 

nos1 mRNA levels could not be confirmed at the protein level. We simply could not detect 345 

branchial Nos1 protein with the methodological approach which worked for the intestine. This is 346 

likely due to a low Nos1 protein expression in the tissue, which was corroborated by 347 

immunohistochemistry, where Nos1-IR was exclusively observed in a few sagittal sections (Fig. 348 

7A, B). The distribution of Nos1-positive cells along the longitudinal axis of the gill filament 349 

resembles that observed in the zebrafish gill using 5-HT (serotonin) and SV2 (synaptic vesicle 350 

glycoprotein 2A) antibodies (36, 74) that suggests Nos1-positive neuroepithelial cells. In addition, 351 

the present localization of Nos1-IR in gill of rainbow trout resembles previous Nos1 staining of 352 

Indian catfish (Heteropneustes fossilis; 51) and of killifish (Fundulus heteroclitus; 30), where Nos1 353 

was suggested present in nerve fibers. Although the innervation of the gill was not investigated in 354 

the present study, the distribution of nerve fibers along the gill filament of zebrafish (74) and 355 

goldfish (68), reported in previous studies using the zebrafish-derived neuronal marker zn-12, 356 

suggest that the Nos1-IR observed in the present study is likely closely apposed to nerve fibers. In 357 

other studies, Nos1-IR was found in the lamellae (zebrafish, Danio rerio; 62; Indian catfish; 51, 73) 358 

and co-localized with Nka (Atlantic salmon Salmo salar; 13). That was not observed in the present 359 

study. 360 

Nos2 localization in fish tissues remains largely unexamined. Few Nos2-positive cells were 361 

observed deep in the gill filament of Atlantic salmon (13) using a heterologous Nos2 antibody. This 362 

study is the first to localize Nos2 in the gill of fish using a homologous antibody. Our Nos2 363 
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antibody recognized a single band at 134 kDa in the gill and kidney of rainbow trout that 364 

corresponds well to the theoretical molecular mass of Nos2 around 131 kDa (Fig. 3A). Nos2-365 

positive cells were detected within the epithelium of the gill filament (Fig. 6A, B). The signal was 366 

found in close proximity of Nka-IR but not co-localized or associated with ionocytes. The Nos2-IR 367 

disappeared by pre-incubation with the antigenic peptide, supporting its specificity (Fig. 3B and 368 

6E). The localization of the two Nos isoforms in gill tissues is strengthening the contribution of the 369 

NO system as a paracrine-signalling molecule involved in the regulation of branchial functions. The 370 

present down-regulation of branchial Nos and NO production during SW-acclimation complies very 371 

well with the documented inhibition of branchial Nka activity in both FW and SW gill tissue (13, 372 

69) and with our recent demonstration of NO as an inhibitor of Cl
-
 secretion in the opercular 373 

epithelium of SW killifish and during hypotonic exposure (21).  374 

 375 

Intestinal Nos regulation during SW-acclimation and localization 376 

Two intestinal regions with distinctive involvement in ion and water transport (72) were 377 

investigated. Nos1 seems to be the major isoform present and active in the intestine. Nos2 protein 378 

was not detected in the intestine by Western blot or immunohistochemistry. The absence of Nos2 is 379 

in agreement with results on sea bass (Dicentrarchus labrax), where Nos2 was only found in 380 

epithelial cells of the larval gut, whereas it was absent in the gut of adults (58). However, the 381 

mRNA transcript of nos2 was found in the intestine of O. mykiss (Fig. 2E, F) and might be 382 

translated to protein under certain physiological conditions, e.g. as part of the immune response (3, 383 

7). Nos1 protein was detected in both regions of the intestine by Western blot and 384 

immunohistochemistry, but Nos1 protein abundance was only affected by SW-acclimation in the 385 

anterior region of intestine, where it increased (Fig. 4C). The localization of Nos1 in tissues helped 386 

identifying the potential role played by Nos1 elevation. In both regions, Nos1-IR was localized in 387 

the intestinal wall along and beneath the circular muscle layer (Fig. 7E, F), which is consistent with 388 

previous studies (28, 40, 58). In addition, the intestinal circular muscle layer of trout is known to be 389 

innervated by reactive nerve fibres where some Nos1-containing cell bodies can be found (46), 390 

which suggests that the present Nos1-IR is associated with nerve fibers. Several other studies 391 

support the localization of Nos1 in the enteric nervous system of the intestinal wall (5, 32, 57). 392 

Therefore, Nos1 is likely involved in the well-known functional regulation of gut motility by NO 393 

(56) that includes descending inhibition of the peristaltic reflex (39, 54) and regulation of smooth 394 

muscle vascular tone (23, 32, 55). Hence, an increase of Nos1 expression and activity during SW-395 
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acclimation might contribute to reduce gut motility to further retention of water in the 396 

gastrointestinal tract and facilitate selective absorption of water and electrolytes. Only a few studies 397 

have addressed NO effect on intestinal ion transport. A previous study showed that NO may 398 

modulate the permeability of tight junctions and inhibit HCO3
−
 transport in the middle intestine of 399 

SW eel (Anguilla Anguilla; 71). More recently, the inhibition of Nka and H
+
-ATPase activity by a 400 

NO donor was reported in the intestine of FW climbing perch (Anabas testudineus; 60). Thus, based 401 

on the scattered available knowledge it is difficult to settle on the role of the apparent up-regulation 402 

of Nos1 protein in the intestine after SW-entry. It may not link directly to an osmoregulatory 403 

function. 404 

 405 

Renal Nos regulation during SW-acclimation and localization 406 

The contribution of the kidney in mono-valent ionic balance during SW-acclimation is minor 407 

compared to the gill and intestine, and no change in whole-renal expression and activity of Nka was 408 

reported in salmonids following SW-transfer (38, 47). Concomitantly, the renal mRNA expression 409 

of nos1 and nos2 was similar in FW- and SW-transferred fish (Fig. 2C, D). No change was 410 

observed in Nos2 protein abundance and Nos1 protein could not be detected with the 411 

methodological approach. The present Nos1 antibody was previously used to detect Nos1 protein in 412 

the posterior cardinal vein in the vicinity of the head kidney of rainbow trout (53). Thus, Nos1 may 413 

be distinctively and scarcely expressed in different regions of the kidney, and our results suggest 414 

low overall expression in the trunk kidney. Furthermore, the two regions have different functions; 415 

with the head kidney involved in hematopoietic and immune defense, and the trunk kidney involved 416 

in ion transport and filtration (35). The low abundance of Nos1 in the trunk kidney was confirmed 417 

by immunohistochemistry, where Nos1-IR was found associated with the wall of a few minor blood 418 

vessels (Fig. 7C, D). The finding of Nos1-IR in vessel walls is interesting, as it suggests that other 419 

Nos isoforms than Nos3 (which is absent in teleost) may serve a vasodilatory role like Nos3 does in 420 

tetrapods. Nos2-IR was found scattered in hematopoietic tissues (Fig. 6C, D), which is in agreement 421 

with a previous study where Nos2-IR was also found in haematopoietic tissues in the kidney of 422 

African lungfish (Protopterus dolloi; 1). No Nos-IR was found associated with Nka-IR, normally 423 

used to identify renal tubules in fish (41). The two Nos isoforms have also been previously 424 

localized in other regions of the kidney of rainbow trout; in nerve fibers and in ganglion cells of the 425 

head kidney (Nos1; 19), associated with chromaffin cell in PCV tissues (Nos1; 53), in nitrergic 426 

fibers close to arteries in the middle trunk of kidney (Nos1; 35) and at the peri-arterial level of the 427 
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head kidney (Nos2; 3). The present localization of Nos in the kidney suggests a potential role for 428 

NO in regulating vascular and immune functions. However, the lack of change in overall expression 429 

of Nos isoforms suggests that the role is not related to adjustments of the kidney's osmoregulatory 430 

function during salinity acclimation. 431 

 432 

Perspectives and Significance 433 

This first report on the dynamics of the Nos/NO system in osmoregulatory tissues of an euryhaline 434 

fish during SW-acclimation provides insights into the regulation and potential role of NO during 435 

osmotic stress. The major response was seen in the gill, where NO previously has been shown to 436 

inhibit branchial Nka activity (13) and opercular membrane Cl
-
 secretion (21) in SW fish. The 437 

observed down-regulation of branchial nos/Nos upon SW-exposure is likely an integrated element 438 

of the acclimation process to hyper-osmotic stress to promote the initiation of Cl
-
 secretion. The 439 

present finding of a down-regulation of the Nos/NO system during exposure to hyper-saline 440 

conditions supports well our previous demonstration of increased Nos activity during exposure to 441 

hypo-osmotic stress (21). Future studies of the response of the branchial Nos/NO system during 442 

FW-acclimation (reverse transfer experiment) should provide additional evidences.  443 
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Legends 673 

Figure 1: Plasma osmolality and branchial mRNA expression of ion transport proteins in 674 

rainbow trout. Plasma osmolality (A, in Osmol kg
-1

) and branchial mRNA expression of nka α1a 675 

(B), nka α1b (C), cftr1 (D), nkcc1 (E) and slc26a6 (F) in rainbow trout in FW (0 h) and [4 h], 24 h, 676 

[48 h] and 168 h after transfer to 80% sea water. Times in [ ] were only investigated in experiment 1 677 

and are shown as insert in the respective graphs (the axis scales are as in the respective panels). The 678 

overall statistical effect of each factor (salinity and time) and their interaction (if any) are indicated 679 

in the figures by an asterisk (* P < 0.05). N=8 in each group. 680 

 681 

Figure 2: nos mRNA expression in rainbow trout tissues. nos2 and nos1 mRNA expression in 682 

gill (A, B), kidney (C, D) and posterior intestine (E, F) in rainbow trout in FW (0 h) and [4 h], 24 h, 683 

[48 h] and 168 h after transfer to 80% sea water. N=8 in each group. Other details as in Fig. 1. 684 

 685 

Figure 3: Western blot analysis using Nos2 and Nos1 antibodies. (A) Immunoblot of gill (lane 1) 686 

and kidney (lane 2) tissues using a homologous anti-Nos2 antibody, the antibody binds specifically 687 

to a protein at 134 ± 0.8 kDa; (B) the band at 134 kDa (lane 1) was eliminated after pre-absorption 688 

of the primary antibody with the blocking peptide (lane 2). (C) Immunoblot of anterior intestine 689 

tissues using a mammalian anti-Nos1 antibody. The antibody binds to a protein at 157 ± 0.2 kDa 690 

and at 121 ± 0.2 kDa in the supernatant fraction (lane 1); the lower molecular band was not found in 691 

the re-suspended pellet fraction following centrifugation of the supernatant at 45,000 g for 30 min 692 

(lane 2). 693 

 694 

Figure 4: Immunoblot analysis of Nos protein level in rainbow trout tissues. Relative abundance 695 

of Nos2 protein in gill (A and insert) and kidney (B) and of Nos1 in middle (C) and posterior 696 

intestine (D) from FW and 80% SW fish after 168 h. Densitometric analysis of Nos bands was 697 

conducted with imageJ and β-actin was used as loading control and for normalization. The upper 698 

left inserts show the representative Nos and β-actin blots. N=5, each lane represents one individual 699 

fish. The upper right insert (graph 4A) shows branchial Nos2 protein abundance in gill of FW trout 700 

and 168 h after transfer to 80% SW from experiment 1.  701 

 702 

Figure 5: NO metabolite nitrite in plasma of FW- and SW-transferred rainbow trout. Level (in 703 

µmol l
-1

) of NO2
-
 in plasma in rainbow trout in FW (0 h) and 24 h and 168 h after transfer to 80% 704 
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SW. The overall statistical effect of each factor (salinity and time) and their interaction (if any) are 705 

indicated in the figures by an asterisk (* P < 0.05). N=8 in each group. 706 

 707 

Figure 6: Nos2 localization in FW-acclimated rainbow trout. Double labelling with an anti-Nos2 708 

(red) and an anti-Nka antibody (green). Nos2-IR was observed within the gill filament, adjacent to 709 

Nka-IR found in ionocytes of the gill (A, B) and scattered in hematopoietic tissues of the trunk 710 

kidney of FW rainbow trout (C, D) but not in the tubular regions where Nka-IR was observed. 711 

Specificity of Nos2-IR was confirmed by blocking the gill section with the antigenic peptide (E) 712 

and omission of Nka- and Nos2-primary antibodies (F; negative control). ct: collecting tubule, dt: 713 

distal tubule, ew: environmental water, hpt: hematopoietic tissue, ic: ionocyte, lam: lamella, n: 714 

nucleus, pt: proximal tubule. Scale bar 20µm. 715 

 716 

Figure 7: Nos1 localization in FW-acclimated rainbow trout. Double labelling with an anti-Nos1 717 

(red) and an anti-Nka antibody (green). Nos1-IR was observed along the midline of the gill filament 718 

(A, B) adjacent to Nos2-IR, and occasionally found in the wall of minor blood vessels (C, D) of the 719 

trunk kidney and beneath the smooth muscle layer of the intestinal wall of FW rainbow trout (E, F) 720 

but was not found in the tubular regions positive to Nka. bv: blood vessel, dt: distal tubule, e: 721 

epithelium, ew: environmental water, gc: goblet cells, ic: ionocyte, lam: lamella, n: nucleus, pt: 722 

proximal tubule, sm: smooth muscle. Scale bar 20µm. 723 

Figure 8: Diagram depicting the distribution of Nos1-immunoreative cells relative to Nos2-724 

immunoreactive cells in the gill filaments of rainbow trout. Nos1-IR (blue) is limited to the 725 

longitudinal axis of the gill filament (marked by a dashed line), whereas Nos2-IR (yellow) is 726 

observed within the epithelium of the gill filaments. Note that Nos1-IR is close to Nos2-IR, but the 727 

two isoforms do not co-localize.  728 

 729 

Target sequence                                   Forward primer  5’-3’                                         Reverse primer  5’-3’                    Genbank acc.no    

O. mykiss nos2                            CCCAGCACTCCAGTCATTCT                         ATGTCGTGTAGCCGTTGTTG               AJ300555 

O. mykiss nos1                            TGTAGGACGCATTCAGTGGT                        ACATTCCATGAGCCGTTGTG               DQ640498 

O. mykiss nka α1a                       CCCAGGATCACTCAATGTCAC                     CCAAAGGCAAATGGGTTTAAT            AY319391 

O. mykiss nka α1b                       CTGCTACATCTCAAACCAACAACATT        CACCATCACAGTGTTCATTGGAT       AY319390 

O. mykiss slc26a6                       CTCCGGACCGCTGTCTCA                              CCGCCAAGGCCACTAGAG                   KP025965 

S. salar ef1α                                GAGAACCATTGAGAAGTTCGAGAAG        GCACCCAGGCATACTTGAAAG            AF321836 

S. salar nkcc1                              GATGATCTGCGGCCATGTTC                        AGACCAGTAACCTGTCGAGAAAC     AJ417890 

S. salar cftr1                               CCTTCTCCAATATGGTTGAAGAGGCAAG  GAGGCACTTGGATGAGTCAGCAG     AF155237       

 730 
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Table 1: Sequences and target genes of primers used to investigate mRNA levels during SW 731 

acclimation in osmoregulatory tissues of rainbow trout. 732 
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