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Abstract
The caudal neurosecretory system (CNSS) is a fish-specific neuroendocrine 
complex whose function(s) remain uncertain despite over 60 years of research. 
Osmoregulatory roles for the CNSS have been hypothesized, but molecular regu-
lation of the CNSS following changes in environmental salinity remains poorly 
characterized. Therefore, we performed transcriptomics on the CNSS of rain-
bow trout (Oncorhynchus mykiss) to establish: (1) how the CNSS responds fol-
lowing seawater (SW) transfer, and (2) which endocrine systems contribute to 
osmoregulatory responses in the CNSS. Responses following SW transfer varied 
at 24 h versus 168 h, with changes primarily affecting membrane transport and 
transcriptional processes at 24 h and neuronal processes at 168 h. Components of 
several osmoregulation-associated endocrine systems were affected (e.g., corticos-
teroid receptors), including some that have not previously been identified in the 
CNSS (e.g., calcitonin). Additionally, transcript levels of corticotropin-releasing 
factor (CRF) peptides—which have osmoregulatory functions and were highly 
abundant in the CNSS—were approximately twofold higher after 24 h in SW. 
Therefore, we performed additional experiments investigating CRF peptides in a 
more euryhaline salmonid, Atlantic salmon (Salmo salar). Smolts had up to 12-
fold higher levels of CRF peptide transcripts than parr, but abundance declined 
following SW transfer. Additionally, CRF transcripts were lower 24 h following 
freshwater transfer of SW-acclimated salmon. These results suggest that CRF 
peptides acutely aid in coordinating physiological responses following fluctua-
tions in environmental salinity via anticipatory and/or responsive mechanisms. 
Collectively, our data indicate that CNSS-mediated production of CRF peptides 
has osmoregulatory functions and provide a resource for investigations of novel 
CNSS functions.

K E Y W O R D S

corticotropin-releasing hormone, neuropeptides, neurosecretory systems, Oncorhynchus 
mykiss, osmoregulation, Salmo salar, transcriptome

https://doi.org/10.1096/fj.202403241R
www.wileyonlinelibrary.com/journal/fsb2
mailto:
https://orcid.org/0000-0002-2830-9590
https://orcid.org/0000-0003-0621-6200
https://orcid.org/0000-0003-4953-7063
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:brett.m.culbert@gmail.com


2 of 24  |      CULBERT et al.

1   |   INTRODUCTION

The caudal neurosecretory system (CNSS) is a neuro-
endocrine complex that is located at the distal tip of 
the spinal cord in fishes. In teleosts, the CNSS is com-
prised of neurosecretory cells (i.e., Dahlgren cells) 
whose axons project towards capillary beds located in 
the caudal vertebrae and converge to form a neurohe-
mal organ called the urophysis.1–3 The urophysis was 
first anatomically described in the early 1800s,4 but the 
presence of enlarged neurosecretory cells in the caudal 
spinal cord was not noted until about 100 years later.5 
Ultimately, these observations provided the groundwork 
for the later development of the CNSS as an endocrine 
complex.6 While the importance of the CNSS in the field 
of endocrinology is cemented owing to the eponymous 
naming of two peptide hormones that were first iden-
tified in and isolated from the CNSS—a peptide in the 
corticotropin-releasing factor (CRF) family (uroten-
sin 1, UTS17) and a peptide in the somatostatin family 
(urotensin 2, UTS28)—specific functional roles for this 
unique neuroendocrine complex remain unclear more 
than 60 years later.

The CNSS has been hypothesized to contribute to 
several physiological processes, including reproduction, 
stress responses, cardiovascular regulation, and ther-
mal adaptation.2,9,10 However, the greatest attention has 
been given to the role of the CNSS during changes in 
environmental salinity. Early studies noted that the size 
and content of neurosecretory cells in the CNSS changed 
following changes in salinity,11–13 and the removal of the 
CNSS reduced the ability of some species to acclimate to 
altered salinities.13,14 These osmoregulatory actions were 
hypothesized to be mediated by products synthesized 
within the CNSS because the injection of urophysial 
extracts induced osmoregulatory responses.13,15,16 
Furthermore, changes in either the external17,18 or inter-
nal19,20 osmotic environment affect the electrical activity 
of neurons within the CNSS. However, responses vary 
depending on changes in specific ions. For example, 
neurons in the CNSS of tilapia (Oreochromis mossambi-
cus) can be separated into those that increase firing rates 
when exposed to high Na+ and those that respond when 
Na+ levels are low, but responses to Na+ levels appear 
to be regulated by the brain and not sensing directly by 
the CNSS.20 In contrast, the presence of Ca+2 sensing re-
ceptors on Dahlgren cells,21,22 as well as high transcript 
levels of the calcium-regulating hormones parathyroid 
hormone-related peptide (PTHrP22,23) and stanniocal-
cin-1 (STC-121) in the CNSS of flounder (Platichthys fle-
sus) suggest that the CNSS can directly sense changes 
in internal Ca+2 levels and participate in Ca+2 regula-
tion. Yet, the generalizability of these findings is limited 

because most work on the CNSS has focused on only a 
handful of species. Furthermore, despite a solid under-
standing of the electrophysiological responses displayed 
by the CNSS in response to changes in environmental 
salinity, transcriptional regulation of the CNSS follow-
ing salinity changes is still poorly understood.

Many of the osmoregulatory effects described above 
were later attributed to changes in the production of UTS1 
and/or UTS2 by the CNSS.24,25 However, changes in the 
synthesis and release of these hormones by the CNSS—
as well as specific osmoregulatory actions of UTS1 and 
UTS2 across different epithelial tissues26–29—often vary 
among species, likely reflecting species-specific osmo-
regulatory ability and interactions with other hormone 
and neurotransmitter systems. Indeed, in addition to syn-
thesizing UTS1 and UTS2, the CNSS also contains large 
amounts of CRFb30–32 and PTHrP,22,23 as well as smaller 
amounts of arginine vasotocin/vasopressin (AVP), isoto-
cin/oxytocin, and urocortin's 2 & 3 (UCN2 & -3) in some 
species.33–39 Furthermore, the presence of descending 
peptidergic nerve fibers—as well as cholinergic, adren-
ergic, and serotonergic fibers40–44—that exhibit positive 
staining for gonadotropin-releasing hormone (GnRH)45–47 
and neuropeptide Y (NPY),48 as well as receptors for CRF 
and UTS1, UTS2, cortisol, prolactin, and GnRH49 indicate 
that the CNSS is likely a major endocrine player in fishes. 
However, the full complement of endocrine factors pro-
duced in the CNSS—and the suite of hormone systems 
that contribute to the regulation of the CNSS—remains 
uncertain.

In the current study, we conducted the first transcrip-
tomic assessment of how the CNSS responds following 
changes in environmental salinity. Specifically, we eval-
uated changes either 24 or 168 h following the transfer 
of rainbow trout (Oncorhynchus mykiss) from freshwa-
ter (FW) to seawater (SW). We used rainbow trout be-
cause they are euryhaline, and previous work has shown 
that the CNSS is responsive to osmoregulatory changes 
in rainbow trout and other salmonids.11,31,50,51 Another 
major focus of the current study was to identify which 
components of different endocrine systems are present 
in the transcriptome of the rainbow trout CNSS to shed 
light on potential novel endocrine functions and/or 
regulators of this tissue, especially those involved in os-
moregulation. While a previous study52 used a transcrip-
tomics approach to evaluate whether responses of the 
CNSS following a temperature change varied between 
bold and shy olive flounder (Paralichthys olivaceus), they 
did not describe the transcriptome of the CNSS in detail. 
Thus, the full complement of endocrine systems present 
in the CNSS remains unclear. We also performed sev-
eral additional experiments to determine how environ-
mental salinity affects transcript levels of CRF peptides 
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(specifically, CRFb and UTS1) in the CNSS. We focused 
on the CRF system because: (1) CRF peptides are abun-
dant in the CNSS32,53; (2) transcript and protein levels of 
CRF peptides in the CNSS often vary following changes 
in environmental salinity31,32,54; and (3) the CRF system 
has conserved osmoregulatory functions.27–29,55,56 For 
some of these experiments, we used Atlantic salmon 
(Salmo salar) because they are anadromous (i.e., mi-
grate between FW and SW as part of their natural life 
history57,58), offering the opportunity to evaluate how 
CRF peptide synthesis in the CNSS is affected by en-
vironmental salinity under more ecologically relevant 
conditions. Specifically, we investigated how transcript 
levels of CRF peptides changed: (1) during the seasonal 
acquisition of SW tolerance as salmon transform from 
pre-migratory parr into migratory smolts (i.e., smoltifi-
cation); (2) in response to SW transfer of FW-acclimated 
parr and smolts; and (3) in response to FW transfer of 
SW-acclimated post-smolts.

2   |   MATERIALS AND METHODS

2.1  |  Experimental animals and housing

Experiments 1 and 3 took place at the Hagen Aqualab at 
the University of Guelph (Guelph, ON, Canada) using 
either rainbow trout (Exp. 1) or Atlantic salmon (Exp. 3) 
that were 3 years old. Rainbow trout were acquired from 
the Ontario Aquaculture Research Centre (Alma, ON, 
Canada), while Atlantic salmon were acquired from the 
Normandale Fish Culture Station (Vittoria, ON, Canada). 
Both species were maintained in 1.8 m diameter fiberglass 
tanks (~2000 L) that were supplied with aerated, flow-
through well water at 12°C and kept on a 12 h light, 12 h 
dark photoperiod regime. Fish were fed to satiation 3 times 
per week with commercial pellets (Blue Water Fish Food; 
Guelph, ON, Canada). A stocking density of ~100 fish per 
tank was maintained, and fish were kept under these con-
ditions for several months prior to starting experiments. 
All procedures were carried out in accordance with the 
Canadian Council for Animal Care guidelines for the use 
of animals in research and teaching and were approved by 
the University of Guelph's Animal Care Committee (AUP 
#4123).

Experiment 2 took place at the United States 
Geological Survey (USGS) S.O. Conte Anadromous Fish 
Research Laboratory (Turners Falls, MA, USA) using 
one-year-old juvenile Atlantic salmon that were obtained 
from the Kensington State Hatchery (Kensington, CT, 
USA) in the Fall of 2018. Fish were held in 1.8 m diam-
eter tanks that were supplied with flow-through ambient 

Connecticut River water at a flow rate of 4 L min−1, and 
tanks were continuously aerated. Fish were maintained 
under the natural photoperiod and were fed to satiation 
(BioOregon; Westbrook, ME, USA) using automatic feed-
ers. In December of 2018, fish were separated by size 
into parr and pre-smolt groups as described previously.59 
Each group of fish was maintained in duplicate tanks 
containing ~100 fish, and all fish experienced identical 
temperature regimes throughout the experiment. All fish 
rearing and sampling protocols were carried out in ac-
cordance with USGS institutional guidelines and proto-
col LSC-9096, which was approved by the USGS Eastern 
Ecological Science Center Institutional Animal Care and 
Use Committee.

2.2  |  Experiment 1: Regulation of the 
CNSS following FW-to-SW transfer of 
rainbow trout

2.2.1  |  Experimental details

Fifty-eight trout (mass = 545 ± 14 g; fork length = 35.0 ± 
0.3 cm; mean ± SEM) were moved from the stock tank and 
randomly placed into one of six 2000 L recirculating tanks 
(N = 8–10 fish per tank). Three tanks contained well water 
(FW) and three contained SW (35 ppt, Instant Ocean Sea 
Salt; Blacksburg, VA, USA). Each tank received continu-
ous aeration via an air stone and was equipped with both 
particle and biological filtration, as well as UV steriliza-
tion. Groups of fish were sampled either 24, 72, or 168 h 
following transfer, and no mortalities occurred. Food 
was withheld throughout the experiment because salmo-
nids naturally suppress food intake following transfer to 
SW.31,60–62 All fish were killed between 1000 and 1200 h via 
terminal anesthesia using buffered MS-222 (100 mg L−1, 
Syndel; Vancouver, BC, Canada). Fork length and mass 
were recorded, and blood was collected from the caudal 
vasculature using a 1 mL ammonium heparinized syringe 
and spun at 9000 g for 5 min. Most fish (>80%) were still 
juvenile, and therefore, sex was not included in our anal-
yses. After this, plasma was collected, frozen on dry ice, 
and stored at −80°C for later determination of osmolal-
ity and cortisol levels. To sample the CNSS, we collected 
all spinal tissue from the five most caudal vertebrae and 
the urostyle. Following dissection, the CNSS was frozen 
on dry ice and stored at −80°C for later extraction of RNA 
(see Section 2.5) to be used for RNA-Seq (see Section 2.7) 
and quantitative polymerase chain reaction (qPCR; see 
Section 2.6). A portion of the CNSS was lost while dissect-
ing one of the 7 d SW-transferred fish, resulting in N = 7 
for this group.
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2.3  |  Experiment 2: Transcriptional 
regulation of CRF peptides in the CNSS 
during smoltification and FW-to-SW 
transfer of juvenile Atlantic salmon

2.3.1  |  Experimental details

Twelve parr and twelve smolts were randomly sampled on 
February 19, April 1, and May 6 in 2019. Fish were kept at 
ambient temperatures (2–4°C) through the winter, and water 
temperature was increased by 1°C per day until 8–10°C was 
reached on February 15. The temperature was kept the same 
throughout the experiment so that all fish were sampled at 
identical temperatures. To avoid potential tank effects, fish 
from each group (parr or smolts) were sampled from two sep-
arate tanks at each timepoint (N = 6 per tank). To determine 
the response of fish following SW exposure, groups of parr 
and smolts were randomly selected and placed into six 1 m 
diameter tanks (3 tanks of parr and 3 tanks of smolts) contain-
ing 28 ppt recirculating SW (Instant Ocean Sea Salt) during 
the week of May 6th, 2019, which is the peak of smolt devel-
opment for this population under these conditions.63 These 
tanks were held at 8.5–9.5°C and contained particle, biologi-
cal, and charcoal filtration, as well as continuous aeration. 
Fish were fed to satiation every day, but food was withheld the 
day prior to samplings. Twelve parr and twelve smolts were 
sampled after 24, 96, and 240 h of SW exposure, during which 
no mortalities occurred. All fish were killed via terminal an-
esthesia using buffered MS-222 (100 mg L−1), after which fork 
length and mass were recorded. All fish were juvenile, and 
therefore, sex was not determined. Blood was collected from 
the caudal vasculature using a 1 mL ammonium heparinized 
syringe, spun at 3200 g for 5 min at 4°C, and plasma was col-
lected for later measurement of cortisol and osmolality. Given 
the small size of these fish, the CNSS was fixed prior to re-
moval from the spinal column to prevent tissue loss. All mus-
cle was removed from the caudal spinal column (consisting of 
the five most caudal vertebrae and the urostyle), and the spi-
nal column was placed in a solution of 4% paraformaldehyde 
(PFA) in phosphate-buffered saline (PBS; pH 7.4) for 24 h at 
4°C. The following day, the CNSS was removed from the spi-
nal column, and RNA was extracted following the protocol of 
Craig et al.31 for later qPCR analysis (see Section 2.6).

2.4  |  Experiment 3: Transcriptional 
regulation of CRF peptides in the CNSS 
during SW-to-FW transfer of post-smolt 
Atlantic salmon

2.4.1  |  Experimental details

Salmon (N = 28; fork length: 37.8 ± 0.6 cm, mass: 537.8 ± 24.0 g) 
were held in a recirculating tank that contained ~2000 L of SW 

(33 ppt; Instant Ocean Sea Salt) for approximately 6 months. 
This tank was continuously aerated with an air stone and 
was equipped with both particle and biological filtration, as 
well as UV sterilization. At the start of the experiment, N = 10 
salmon were immediately sampled while the remaining fish 
were randomly split among two ~500 L tanks containing aer-
ated, flow-through well water (FW; N = 9 per tank). After 
either 24 or 96 h in FW, fish were terminally anesthetized 
using phenoxyethanol (0.2%), and their plasma (for cortisol 
and osmolality) and CNSS (for qPCR; see Section 2.6) were 
collected as previously described. We also sampled FW-
acclimated salmon (N = 10; fork length: 39.4 ± 1.0 cm, mass: 
581.3 ± 42.3 g) that had never been in SW for comparison (see 
Section 2.1 for housing conditions). No mortalities occurred 
following FW transfer, and all treatment groups contained 
approximately equal proportions of females and males (in 
total, 53% male and 47% female).

2.5  |  Plasma cortisol and osmolality 
measurements

Plasma osmolality values were determined in duplicate 
using a Vapro 5520 vapor pressure osmometer (Wescor; 
Logan, UT, USA) and had an intra-assay variation of 8.3% 
coefficient of variation (CV). Circulating cortisol levels were 
determined using a commercially available enzyme immu-
noassay (Neogen, Cat # 402710; Lexington, KY, USA) for 
experiments 1 and 3, or a previously validated direct com-
petitive enzyme immunoassay64 for experiment 2. Intra- and 
inter-assay variations were 8.2% and 13.1% CV, respectively.

2.6  |  RNA isolation and qPCR

The entire CNSS of fish from experiments 1 and 3 was ho-
mogenized in TRIzol reagent (Invitrogen; Burlington, ON, 
Canada) using a Precellys Evolution tissue homogenizer 
(Bertin Instruments; Montigny-le-Bretonneux, France) 
and total RNA was extracted as per the manufacturer's 
directions (see Craig et al.31 for details of RNA extraction 
of CNSS samples from experiment 2). The quantity and 
purity of RNA samples were assessed using a NanoDrop 
2000 spectrophotometer (Thermo Scientific; Mississauga, 
ON, Canada). Following this, we treated 1 μg of RNA with 
DNase (DNase 1; Thermo Scientific) and reverse transcribed 
cDNA using a high-capacity Applied Biosystems cDNA re-
verse transcription kit (Thermo Scientific). We then per-
formed qPCR using a CFX96 system (BioRad; Hercules, 
CA, USA) with SYBR green (SsoAdvanced Universal; 
BioRad) and gene-specific primers (Table 1). All samples 
were run in duplicate, and negative controls—including no 
template controls (where cDNA was replaced with water) 
and no reverse transcriptase controls (where RNA reverse 
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T A B L E  1   Gene-specific primers used for real-time polymerase chain reaction (qPCR) in rainbow trout (Oncorhynchus mykiss) or 
Atlantic Salmon (Salmo salar).

Primer sequence (5′ to 3′)
Amplicon 
size (bp) Efficiency (%) Accession number Reference

Trout

crfa1 F: CAAAATTCGCTCCAGTCCTC 95 100 XM_021613200 Current 
studyR: TGCGTGAGCTGAAGTTGTAA

crfa2 F: ATTCGCCCCAATCTTCATT 79 102 XM_021589550 Current 
studyR: TGAAGTAAAGCCCTGTTGACC

crfb1 F: CTGAAGGCATGTACCCAGAG 110 102 NM_001124286 Current 
studyR: GACGAACCGGCTGATGTT

crfb2 F: GAAAGTCATGCACCCCAAG 117 102 NM_001124627 Current 
studyR: AAGCCGCTGATGAACCTATT

crfbp1 F: CCAACACGTTGTCTATCTAC 107 100 NM_001124631 Current 
studyR: TTTTATGGCAACCTTCAGGCT

crfbp2 F: CTCCCTATCTATCTCTCCAC 122 100 XM_036977080 Current 
studyR: GTTATGGCGATCCTCAGGAT

crfr1a F: TCCCTCGGAGACAGGAGTGT 121 102 XM_021557506 Current 
studyR: CTTTTACGATGTGCGACTGGT

crfr1b F: CGGCAATTTATAGGCTGTGTT 114 99 XM_021624572 Current 
studyR: CCCACATGAACAACCAACAG

crfr2a F: CACTGTACTGTACTAGTGGT 83 100 XM_021613636 Current 
studyR: TCCTGCTTAAATGATCTCTGC

crfr2b F: TAAATTCAGAACAGATGGGC 82 100 XM_021589160 Current 
studyR: CATTGCCAGTAAGACTCTGAC

ucn2a F: CATGCGTATGTGTCTGAGCC 61 101 CDQ61544 Current 
studyR: TCTTCTCCCATCCTTTGGCAC

ucn2b F: ACTCCTAAGTTGTGACATTGGA 68 99 XM_021570508 Current 
studyR: CCAGACACAGGCTTAGATG

ucn3a/b F: GCACGGAACTTGGACATCAT 91 100 XM_021596023 Current 
studyR: GTCTGAGACAGAGGCTGGAG XM_036945073

uts1a F: GTTGCTGAAGGCTGGTGATA 82 100 NM_001124343 Current 
studyR: CAACCGGGGATTTCTTTG

uts1b F: GGCGACGCAGTTTCCTAC 60 99 XM_021612039 Current 
studyR: GGGATTTCTCTGCAAATAACG

ef1a F: CCATTGACATTTCTCTGTGGAAGT 106 96 AF498320 [65]

R: GAGGTACCAGTGATCATGTTCTTGA

rpl13a F: GGACAAGCTGCACTGGAGAG 113 93 XM_021574753 [66]

R: GTGGGCTTCAGACGGACAAT

Salmon

crfb1 F: CTTGATCCATCACTCGTGGAAA 98 108 XM_014181363 [59]

R: GTCAGGGGTTCAACGAGATC

uts1a F: CAGTGTCTGTAGACCACGG 89 104 XM_014205273 [59]

R: TATCACCAGCCTTCAGCAAC

uts1b F: GCAGTCTACTACAATCGCCAT 103 101 XM_014144548 [59]

R: AAACGGTGCCTTGATCGC

(Continues)
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transcriptase was replaced with water during cDNA synthe-
sis)—were also included. Each reaction contained a total 
of 20 μL, which consisted of 10 μL of SYBR green, 5 μL of 
combined forward and reverse primers (0.2 μM [final]), and 
5 μL of 10× diluted cDNA. Cycling parameters included a 
30 s activation step at 95°C, followed by 40 cycles consisting 
of a 3 s denaturation step at 95°C and a combined 30 s an-
nealing and extension step at 60°C. Melt curve analysis was 
conducted at the end of each run to confirm the specificity 
of each reaction. To account for differences in amplification 
efficiency, standard curves were constructed for each gene 
using serial dilutions (4×) of pooled cDNA. Input values 
for each gene were obtained by fitting the average thresh-
old cycle value to the antilog of the gene-specific standard 
curve, thereby correcting for differences in primer ampli-
fication efficiency. To correct for minor variations in tem-
plate input and transcriptional efficiency, we normalized 
our data to the geometric mean of transcript abundances 
of elongation factor 1α (ef1α) and ribosomal protein L13a 
(rpl13a) as reference genes. While reference genes were 
stable across treatments in experiments 1 and 3, the expres-
sion of reference genes varied between sampling times in 
experiment 2. To account for differences in reference gene 
expression across time, the geometric mean of the refer-
ence genes within each group of samples was normalized 
to a “control” group (parr in February) using a correction 
factor (mean value within a group/mean value of control 
group) as previously described.67,68 All data are expressed 
relative to the mean value of the control group within each 
experiment (see figure captions for further details).

2.7  |  RNA-Seq

To evaluate both acute and chronic responses of the 
rainbow trout CNSS during SW acclimation, we con-
ducted RNA-Seq on FW-to-FW (control) and FW-to-SW-
transferred fish (N = 7–9 per group) either 24 or 168 h 
post-transfer. Total RNA (see Section  2.6) was sent to 
the Génome Québec Centre of Expertise and Services 

(Montreal, QC, Canada) for library preparation and se-
quencing. The integrity of all RNA was evaluated using a 
Bioanalyzer 2100 (Agilent; Mississauga, ON, Canada) and 
all samples had RNA Integrity Numbers (RIN) greater 
than 7.6 (8.1 ± 0.3). Using 250 ng of total RNA, mRNA was 

Primer sequence (5′ to 3′)
Amplicon 
size (bp) Efficiency (%) Accession number Reference

ef1a F: TCCTGCGGAGTCTCAAAACC 96 103 XM_014141923 [59]

R: CGTTGGGTTCTTTTCCTGCG

rpl13a F: GGACAAGCTGCACTGGAGAG 113 93 XM_014128281 [66]

R: GTGGGCTTCAGACGGACAAT

Note: The sequences of ucn3a and ucn3b are 99% identical in both species, and we were therefore unable to design primers that differentially amplified these 
paralogs.
Abbreviations: crf, corticotropin-releasing factor; crfbp, corticotropin-releasing factor binding protein; crfr, corticotropin-releasing factor receptor; ef1a, 
elongation factor 1 alpha; rpl13a, ribosomal protein L13a; ucn, urocortin, uts, urotensin.

T A B L E  1   (Continued)

F I G U R E  1   Changes in (A) plasma osmolality and (B) 
cortisol values of rainbow trout (Oncorhynchus mykiss) that were 
transferred from freshwater-to-freshwater (FW; gray) or from 
freshwater-to-seawater (SW; black) for 24, 72, or 168 h. Significant 
differences (p < .05) are depicted using either letters (across time; 
uppercase = within SW, lowercase = within FW), filled oversized 
squares (between groups across all timepoints) or asterisks 
(between groups within a timepoint). Values are represented as 
means ± SEM and individual data points are shown.
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isolated using the NEBNext® Poly(A) Magnetic Isolation 
Module (New England Biolabs; Whitby, ON, Canada). 
Stranded cDNA libraries [296 ± 1 base pair (bp) length] 
were created using the Illumina Stranded mRNA Prep, 
and sequencing was conducted on all 32 samples using 
100 bp paired-end reads with a NovaSeq 6000 (Illumina; 
San Diego, CA, USA). Samples were sequenced across two 
batches with equal representation from each group within 
each run. A mean of ~35 000 000 ± 4 000 000 paired-end 
reads was produced per sample (Table  S1). Preliminary 
analyses indicated that batch effects were negligible (<1% 
of variation), and therefore, batch was not included in sta-
tistical models. Raw sequencing reads are archived with the 
National Center for Biotechnology Information Sequence 
Read Archive (NCBI SRA Accession: PRJNA1139945).

Processing and analysis of the RNA-Seq data was 
performed by the Canadian Centre for Computational 
Genomics (C3G; https://​compu​tatio​nalge​nomics.​ca/​ ) 
using their in-house RNA-Seq pipeline (https://​bitbu​cket.​
org/​mugqic/​genpi​pes/​src/​master/​pipel​ines/​rnaseq/​ ). 
Briefly, paired reads were joined and checked for qual-
ity using FastQC (v0.12.0, RRID:SCR_014583; Babraham 
Bioinformatics) and low-quality reads (Phred score <30; 
~0.02% of all reads) were trimmed using Trimmomatic 
(v0.39.0, RRID:SCR_01184869). Filtered reads from all 
libraries were aligned to the rainbow trout reference ge-
nome (USDA_OmykA_1.1; ENSEMBL version 107; NCBI 

Accession: GCA_013265735.3) using STAR (v2.7.8a, 
RRID:SCR_00446370). This resulted in an average align-
ment rate of 86.3% ± 1.2% across all samples, which pro-
vided an average of 12 934 ± 78 transcripts per sample. A 
total of 49 009 unique transcripts were identified over-
all. Picard (v3.0.0, RRID:SCR_006525; Picard Tools) was 
used to create a single global BAM file for each sample, 
and RNA expression quantification was performed using 
HTSeq-count (v2.0.2, RRID:SCR_01186771). Using the 
edgeR package (v3.40.2, RRID:SCR_01280272) in R (v4.2.3, 
RRID:SCR_00190573), genes were filtered for low expres-
sion (a counts per million score of ≥3) which resulted in a 
final count of 25 647 unique transcripts.

2.8  |  Statistical analyses

For all RNA-Seq analyses, each sample was normal-
ized to its overall library size, and differential gene 
expression testing was performed in edgeR (v3.42.4, 
RRID:SCR_01280272) using generalized linear models 
and F-tests. For the main RNA-Seq analysis, the result-
ing p-values from these analyses were false-discovery rate 
corrected (FDR; p < .01) using the Benjamini–Hochberg 
(BH) method within edgeR, and an effect size of log2(fold 
change) > |0.5| between groups was utilized. However, we 
used a more liberal FDR threshold of p < .05 without a fold 

F I G U R E  2   Effect of transferring rainbow trout (Oncorhynchus mykiss) from freshwater-to-freshwater (FW) or from freshwater-to-
seawater (SW) for 24 h as determined via RNA-Seq. Data are presented as changes in SW relative to FW. Differentially expressed genes 
(DEGs) that had a Log2 fold change ≥ |0.5| between groups and were significantly different following Benjamini–Hochberg false-discovery 
rate (BH-FDR) correction (p < .01) are darkened on the volcano plot and a subset of genes are labeled (see File S1 for more details). Note that 
for visualization purposes the x- and y-axes of the volcano plot are plotted on a Log2 and Log10 scale, respectively. Significant GO terms were 
clustered (larger circles) based on overlap between shared genes when analyzing all significant genes, only significant upregulated genes, 
or only significant downregulated genes. Each smaller circle within the larger circles represents an individual GO term (see File S2 for 
more details). The extent of overlapping genes shared between GO terms is indicated by the intensity of the connecting lines (darker = more 
shared genes) and the significance of each GO term is indicated by the color of the circle (darker = more significant).

https://www.ncbi.nlm.nih.gov/sra/PRJNA1139945
https://computationalgenomics.ca/
https://bitbucket.org/mugqic/genpipes/src/master/pipelines/rnaseq/
https://bitbucket.org/mugqic/genpipes/src/master/pipelines/rnaseq/
https://scicrunch.org/resolver/RRID:SCR_014583
https://scicrunch.org/resolver/RRID:SCR_011848
https://scicrunch.org/resolver/RRID:SCR_004463
https://scicrunch.org/resolver/RRID:SCR_006525
https://scicrunch.org/resolver/RRID:SCR_011867
https://scicrunch.org/resolver/RRID:SCR_012802
https://scicrunch.org/resolver/RRID:SCR_001905
https://scicrunch.org/resolver/RRID:SCR_012802
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change threshold when exploring changes in endocrine 
genes. Functional enrichment analysis and subsequent 
data visualization was performed as described by Reimand 
et al.74 Briefly, Gene Ontology (GO) terms were generated 
from gene lists via the g:GOSt function within g:Profiler 
(RRID:SCR_00680975). GO terms were considered signifi-
cantly enriched if they contained 4 or more differentially 
expressed genes (DEGs) and had a BH-FDR value ≤0.1. To 
account for the identification of multiple GO terms that all 
contained the same sets of DEGs, we created GO clusters 
using the EnrichmentMap (v3.3.6, RRID:SCR_01605276) 
and AutoAnnotate (v1.4.077) apps in Cytoscape (v3.10.0, 
RRID:SCR_00303278). GO clusters were annotated accord-
ing to words that were most common across all GO terms 
within each cluster. Enrichment maps were created using 
each list of significant GO terms and their respective clus-
ters. Additionally, to better characterize the extent of over-
lap between DEGs across groups, we also created upset 
plots using the ‘UpSetR’ package79 and biplots depicting 
principal components 1 and 2—which were derived from 
a principal components analysis using the ‘prcomp’ func-
tion—using the ‘ggbiplot’ package.

Statistical analysis of all plasma and qPCR data was per-
formed using R (version 4.373). All data are presented as 
means ±1 standard error of the mean (SEM) and a signif-
icance level (α) of .05 was used for all tests. Outliers were 

excluded based on a 2× interquartile range threshold. When 
data did not meet the assumptions of normality and/or equal 
variance, data were either log or square-root transformed to 
meet the assumptions, or analyses were performed using 
ranked data. Plasma and qPCR data for Experiments 1 and 2 
were analyzed using two-way ANOVAs that included group 
(FW and SW or parr and smolt) and either month (February, 
April or May) or time following SW exposure (trout: 24, 72 or 
168 h; salmon: FW, 24, 96 or 240 h), as well as the interaction 
between these factors. Data from Experiment 3 were ana-
lyzed using one-way ANOVAs with group as a fixed factor. 
When significant differences were detected, post hoc Tukey's 
tests were performed using the ‘emmeans’ package.80

3   |   RESULTS

3.1  |  Experiment series 1: Rainbow trout

3.1.1  |  Physiological effects of FW-to-SW 
transfer

Plasma osmolality levels (Figure  1A; pgroup < .001, 
ptime = .07, pgroup*time = .11) were ~25% higher in FW-to-
SW-transferred fish compared to FW-to-FW transferred 
fish across all time points. In contrast, while plasma 

F I G U R E  3   Effect of transferring rainbow trout (Oncorhynchus mykiss) from freshwater-to-freshwater (FW) or from freshwater-to-
seawater (SW) for 168 h as determined via RNA-Seq. Data are presented as changes in SW relative to FW. Differentially expressed genes 
(DEGs) that had a Log2 fold change ≥ |0.5| between groups and were significantly different following Benjamini–Hochberg false-discovery 
rate (BH-FDR) correction (p < .01) are darkened on the volcano plot, and a subset of genes is labeled (see File S1 for more details). Note that 
for visualization purposes, the x- and y-axes of the volcano plot are plotted on a Log2 and Log10 scale, respectively. Significant GO terms were 
clustered (larger circles) based on overlap between shared genes when analyzing all significant genes, only significant upregulated genes, 
or only significant downregulated genes. Each smaller circle within the larger circles represents an individual GO term (see File S2 for 
more details). The extent of overlapping genes shared between GO terms is indicated by the intensity of the connecting lines (darker = more 
shared genes) and significance of each GO term is indicated by the color of the circle (darker = more significant).

https://scicrunch.org/resolver/RRID:SCR_006809
https://scicrunch.org/resolver/RRID:SCR_016052
https://scicrunch.org/resolver/RRID:SCR_003032
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cortisol levels (Figure  1B; pgroup < .001, ptime = .16, 
pgroup*time < .001) were low across all time points in FW-
to-FW transferred fish, cortisol levels in FW-to-SW-
transferred fish were 3- and 16-fold higher 24 and 72 h 
post-transfer, respectively.

3.1.2  |  Effects of FW-to-SW transfer on CNSS 
transcriptome

After 24 h, we detected 324 DEGs (179 upregulated and 
145 downregulated) when comparing FW-to-SW and 
FW-to-FW transferred fish (File  S1). Further scrutiny 

of these DEGs using GO analysis revealed changes in 
clusters related to nuclear transport, membrane trans-
port, DNA maintenance, negative transcription regu-
lation, neurotransmitter transport, lipid biosynthesis, 
RAS protein signaling, and chromosome organization 
(Figure 2; File S2). When only DEGs that were higher in 
the FW-to-SW group were included in the GO analysis, 
neurotransmitter transport and stimuli responses dif-
fered (Figure 2; File S2). In contrast, membrane trans-
port, chromosome organization, and lipid biosynthesis 
were affected when GO analysis was performed using 
DEGs that were lower in the FW-to-SW group (Figure 2; 
File S2).

F I G U R E  4   Effect of transferring rainbow trout (Oncorhynchus mykiss) from freshwater-to-seawater (SW) for 24 h versus 168 h as 
determined via RNA-Seq. Data are presented as changes at 168 h relative to 24 h. Differentially expressed genes (DEGs) that had a Log2 fold 
change ≥ |0.5| between groups and were significantly different following Benjamini–Hochberg false-discovery rate (BH-FDR) correction 
(p < .01) are darkened on the volcano plot, and a subset of genes is labeled (see File S1 for more details). Note that for visualization purposes, 
the x- and y-axes of the volcano plot are plotted on a Log2 and Log10 scale, respectively. Significant GO terms were clustered (larger circles) 
based on overlap between shared genes when analyzing all significant genes, only significant upregulated genes, or only significant 
downregulated genes. Each smaller circle within the larger circles represents an individual GO term (see File S2 for more details). The 
extent of overlapping genes shared between GO terms is indicated by the intensity of the connecting lines (darker = more shared genes) and 
significance of each GO term is indicated by the color of the circle (darker = more significant).
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After fish had acclimated for 168 h, we detected 193 
DEGs (96 upregulated and 97 downregulated) between 
FW-to-SW and FW-to-FW transferred fish (File  S1). GO 
analysis revealed that these changes were primarily re-
lated to neuron development and differentiation, cell 
responses to a chemical stimulus, protein folding, and 
phospholipid metabolism (Figure 3; File S2). Specifically, 
upregulated DEGs were related to protein folding, while 
downregulated DEGs were related to neuron development 
and differentiation (Figure 3; File S2).

The greatest changes were observed when FW-to-
SW-transferred fish at 168 h versus 24 h were compared, 
which yielded 823 DEGs (425 upregulated and 398 
downregulated; File  S1). Accordingly, 17 unique DEG 
clusters were identified (Figure 4; File S2), with several 
focusing on the regulation of DNA and RNA process-
ing (cellular catabolism regulation, RNA catabolism, 
DNA organization and replication, RNA processing, and 
chromatin organization) and cellular signaling and syn-
apse regulation (synaptic signaling, negative signaling 
and communication, and cell and synapse regulation). 
Additional GO clusters included as follows: develop-
mental processes, cell and membrane adhesion, cell 

proliferation regulation, negative cellular organization, 
amine metabolism, protein folding, cell projection or-
ganization, amino acid metabolism, and cell cycle reg-
ulation. When only upregulated DEGs were considered 
(Figure 4; File S2), we again detected several GO clusters 
related to the regulation of DNA and RNA processing 
(DNA organization and replication, RNA processing, 
protein-DNA organization, DNA repair), as well as 
cell cycle regulation, negative biosynthesis regulation, 
cell projection organization, cellular catabolism reg-
ulation, glycoprotein regulation, tissue development, 
cell–cell adhesion, protein folding, amine metabolism, 
microtubule-based movement, and amino acid metabo-
lism. When focusing on downregulated DEGs (Figure 4; 
File  S2) several clusters related to synapses and cell 
proliferation (synapse signaling, cell proliferation, junc-
tion and synapse organization, and neuron generation), 
as well as actin filament regulation, RNA catabolism, 
negative cell signaling, substance and stimuli response, 
movement and responses, cell and membrane adhesion, 
cellular export and secretion, and protein dephosphory-
lation were identified. In contrast, we did not detect any 
significant DEGs when comparing the groups of fish 

F I G U R E  5   Upset plot depicting overlap between genes that were significantly different in rainbow trout (Oncorhynchus mykiss) that 
were transferred from freshwater-to-seawater (SW) compared to fish that were transferred from freshwater-to-freshwater (FW) for either 
24 or 168 h. A biplot depicting overlap between principal components 1 and 2 based on a principal component analysis that included all 
significant differentially expressed genes (DEGs) is included as an inset.
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that had been sampled 24 or 168 h following transfer 
from FW-to-FW (File S1).

Of the combined 496 distinct DEGs identified be-
tween FW- and SW-transferred fish at either 24 or 168 h 
post-transfer (Figure 5), most DEGs (96%) were uniquely 
changed at either 24 h (61%; 161 upregulated and 142 
downregulated) or 168 h (35%; 77 upregulated and 95 
downregulated). Only 18 DEGs (3.5%) were similarly af-
fected at both time points (17 upregulated and 1 down-
regulated) and 3 DEGs (0.5%) showed opposing patterns 
between time points (1 DEG upregulated at 24 h versus 
downregulated at 168 h and 2 DEGs downregulated at 24 h 
versus upregulated at 168 h).

3.1.3  |  Presence of endocrine system 
components in the transcriptome of the CNSS

In addition to detecting components of several peptide 
(e.g., AVP, CRF, enkephalin, pituitary adenylate-cyclase-
activating polypeptide, somatostatin, STC, cholecysto-
kinin, NPY, and galanin) and steroid (e.g., androgen, 
corticosteroid, and estrogen receptors) hormone systems 
that have previously been identified in the CNSS of other 
teleosts, we also observed components of endocrine sys-
tems that have not previously been identified in the 
CNSS (Table  2). Specifically, we identified components 
of hormone systems that are broadly involved with cal-
cium maintenance (calcitonin), cardiovascular regulation 
(natriuretic peptide and tachykinin), growth/osmoregu-
lation [insulin-like growth factor (IGF) and growth hor-
mone], and metabolism (leptin, nesfatin, and thyroid 
hormone).

Of the endocrine systems present in the CNSS, com-
ponents of several were affected by SW transfer (Table 2). 
After 24 h of SW acclimation, levels of AVP receptor 
1Aa (avpr1aa; +255% compared to FW transferred fish, 
pFDR = .007), insulin-like growth factor 2b (igf2b; +111%, 
pFDR = .003), and glucocorticoid receptor 1 (gr1; −15%, 
pFDR = .03) were significantly altered. A longer accli-
mation period of 168 h in SW caused changes in lev-
els of two paralogs of insulin-like growth factor 1 (igf1; 
+217% and +235%, both pFDR = .04), CRFb2 (crfb2; −65%, 
pFDR = .04), and thyroid hormone receptor beta (thrb; 
−22%, pFDR = .03). Finally, when comparing fish that had 
acclimated to SW for 168 h versus 24 h, the abundance of 
two paralogs of calcitonin beta (calcb; −28% and −38% 
compared to SW-transferred fish at 24 h, pFDR = .04 and 
pFDR = .007), calcitonin alpha (calca; −45%, pFDR = .01), 
glucocorticoid receptor 1 (gr1; −30%, pFDR = .049), two pa-
ralogs of tachykinin 1 (tac1; −35% and −44%, pFDR = .01 
and pFDR = .03), and thyroid hormone receptor beta (thrb; 
−32%, pFDR < .001) were affected.H
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3.1.4  |  Effects of FW-to-SW transfer on CRF 
peptides in the CNSS

In agreement with our RNA-Seq results (Table 2), qPCR 
assessment of CRF system components in the CNSS of 

FW-acclimated trout (N = 3) indicated that uts1a, uts1b, 
and crfb1 were highly abundant (all amplified at ~20 cy-
cles; Supp. Figure 1). Transcripts of crfbp1 and −2, ucn2a 
and −b, and crfr1a and -1b were 8×, 64×, and 1000× less 
abundant, respectively (with no obvious differences be-
tween paralogs), while crfa1 and −a2, crfb2, crfr2a and 
2b, and ucn3 were all >4000× less abundant (≥35 cycles). 
Therefore, we focused all subsequent qPCR analyses on 
crfb1, uts1a, and uts1b.

Levels of uts1a (Figure  6A; pgroup = .31, ptime = .03, 
pgroup*time < .001), uts1b (Figure 6B; pgroup = .20, ptime = .33, 
pgroup*time = .002), and crfb1 (Figure  6C; pgroup = .83, 
ptime = .08, pgroup*time = .003) all showed similar responses 
following SW transfer. After 24 h, transcript levels were 
~70%–170% higher following transfer from FW-to-SW ver-
sus FW-to-FW, but levels in FW-to-SW-transferred fish de-
clined by 72 h such that they were no longer different than 
levels in FW-to-FW transferred fish.

3.2  |  Experiment series 2: 
Atlantic Salmon

While the following results are focused on transcriptional 
changes in the CNSS, a full description of changes in 
plasma osmolality and cortisol levels in these fish has pre-
viously been reported.59,66 Briefly, plasma cortisol and os-
molality values were higher in smolts than in parr across 
all sampling points, and parr (but not smolts) had elevated 
plasma cortisol and osmolality values 24 h after SW trans-
fer. Following transfer from SW-to-FW, plasma osmolal-
ity decreased within 24 h while all groups had low cortisol 
levels (≤2 ng mL−1).

3.2.1  |  Seasonal patterns in CRF peptides 
in the CNSS of parr and smolts

Levels of uts1a (Figure  7A; pgroup < .001, ptime < .001, 
pgroup*time = .57), uts1b (Figure  7B; pgroup < .001, 
ptime < .001, pgroup*time = .74), and crfb1 (Figure  7C; 
pgroup < .001, ptime = .001, pgroup*time = .41) were all 

F I G U R E  6   Changes in transcript levels of (A) urotensin 1a 
(uts1a), (B) urotensin 1b (uts1b), and (C) corticotropin-releasing 
factor b1 (crfb1) in the caudal neurosecretory system (CNSS) of 
rainbow trout (Oncorhynchus mykiss) that were transferred from 
freshwater-to-freshwater (FW; gray) or from freshwater-to-seawater 
(SW; black) for 24, 72, or 168 h. Significant differences (p < .05) are 
depicted using either letters (across time) or asterisks (between 
groups within a timepoint) and data are expressed relative to FW 
fish at 24 h. Values are represented as means ± SEM and individual 
data points are shown.
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~3–4-fold higher in smolts than in parr through the 
spring. Additionally, levels increased through the spring 
in both groups with ~5-, 3-, and twofold increases in 
uts1a, uts1b, and crfb1, respectively, when comparing 
between February and May.

3.2.2  |  Effects of FW-to-SW transfer on CRF 
peptides in the CNSS of parr and smolts

Following transfer from FW-to-SW, levels of uts1a 
(Figure 8A; pgroup < .001, ptime < .001, pgroup*time = .15), uts1b 
(Figure 8B; pgroup < .001, ptime < .001, pgroup*time = .69), and 
crfb1 (Figure 8C; pgroup < .001, ptime < .001, pgroup*time = .34) 
decreased by ~50%–65% within 96 h in both parr and 
smolts. However, levels of each peptide remained ~6–7-
fold higher in smolts versus parr across all timepoints.

3.2.3  |  Effects of SW-to-FW transfer on CRF 
peptides in the CNSS of post-smolts

Levels of uts1a (Figure 9A; p = .17) and uts1b (Figure 9B; 
p = .19) did not change following transfer from FW-to-SW, 
but levels of crfb1 (Figure 9C; p = .007) were ~50% lower 
24 h post-transfer compared to fish that were chronically 
acclimated to either FW or SW.

4   |   DISCUSSION

While the CNSS has long been hypothesized to serve os-
moregulatory roles, our understanding of these roles 
is limited in part because no study has characterized 
transcriptome-wide responses by the CNSS following 
changes in environmental salinity. In the current study, we 
determined how the transcriptome of the CNSS in rainbow 
trout—a euryhaline salmonid—changed 24 and 168 h fol-
lowing transfer from FW-to-SW. Plasma osmolality levels 
were elevated in SW fish at all time points—indicating 
that SW-transferred fish were physiologically perturbed at 
24 and 168 h post-transfer—but plasma cortisol levels had 
returned to baseline by 168 h, suggesting that fish were be-
ginning to acclimate by this time. Indeed, transcriptional 
changes in the CNSS at 24 versus 168 h post-transfer sup-
port temporal differences in physiological responses fol-
lowing SW transfer. Only 18 DEGs showed conserved 

F I G U R E  7   Seasonal changes in transcript levels of 
(A) urotensin 1a (uts1a), (B) urotensin 1b (uts1b), and 
(C) corticotropin-releasing factor b1 (crfb1) in the caudal 
neurosecretory system (CNSS) of parr (gray) and smolt (black) 
Atlantic salmon (Salmo salar) in February, April, and May. 
Significant differences (p < .05) are depicted using either letters 
(across time; uppercase = within SW, lowercase = within FW, 
underlined uppercase = overall time effect), filled oversized squares 
(between groups across all timepoints) or asterisks (between 
groups within a timepoint) and data are expressed relative to parr 
in February (Feb). Values are represented as means ± SEM, and 
individual data points are shown.
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responses across both time points, and the number of DEGs 
was far greater when comparing SW-transferred fish at 24 
and 168 h (823 DEGs) versus FW- and SW-transferred fish 
within either time point (24 h: 324 DEGs; 168 h: 193 DEGs).

Many of the responses observed 24 h after transfer to 
SW reflected broad changes in transcriptional processes, 

including changes in transcription factor signaling (GO 
cluster: negative transcription regulation), histone regu-
lation (GO cluster: DNA maintenance), and DNA mod-
ification (GO cluster: chromosome organization). The 
only other transcriptomics study that has investigated the 
CNSS reported similar changes in transcription-related 
processes in the CNSS of flounder following acute in-
creases in temperature,52 suggesting that this may be a 
general response of the CNSS following exposure to envi-
ronmental stressors. Our results are also consistent with 
transcriptional responses observed in other tissues follow-
ing SW transfer of salmonids. For example, previous work 
in Arctic charr (Salvelinus alpinus) reported that genes re-
lated to transcriptional processes (especially methylation) 
were upregulated in the gills 240 h after fish had been 
transferred from FW-to-SW.91 Similarly, Harvey et  al.92 
found that transcription factor dynamics and chromatin 
remodeling in the liver of Atlantic salmon changed both 
during smoltification and following SW transfer. Thus, 
widespread adjustments in transcriptional processes are 
clearly an important response while acclimating to SW, as 
well as responding to stressors more generally.

We also observed several changes in genes related to 
amino acid transport (GO cluster: membrane transport) 
and lipid metabolism (GO cluster: lipid biosynthesis) at 
24 h, which likely reflect metabolic adjustments associated 
with SW acclimation. Changes in lipid metabolism—spe-
cifically, increased rates of lipolysis and reduced lipogene-
sis—are one of the primary metabolic changes that occur 
during smoltification and SW transfer,92–94 and these pe-
riods are also associated with less pronounced changes in 
amino acid metabolism.92,95

Lastly, we detected an upregulation of DEGs related to 
neurotransmitter transport 24 h after SW transfer, which 
was primarily related to increased levels of genes that reg-
ulate GABA and taurine transport (slc6a11, slc6a6a, and 
slc6a6b96). While firing rates of Dahlgren cells are regu-
lated by many hormones and neurotransmitters, GABA 
appears to be one of the major suppressors of Dahlgren 
cell activity.97 Indeed, Yuan et  al.98 reported that reduc-
tions in firing activity of Dahlgren cells in the CNSS of 
flounder in response to low temperature are primarily me-
diated by increased GABA signaling. Thus, it is likely that 

F I G U R E  8   Changes in transcript levels of (A) urotensin 1a 
(uts1a), (B) urotensin 1b (uts1b), and (C) corticotropin-releasing 
factor b1 (crfb1) in the caudal neurosecretory system (CNSS) of 
parr (gray) and smolt (black) Atlantic salmon (Salmo salar) that 
were either sampled in freshwater (FW), or 24, 96, or 240 h post-
transfer to seawater. Significant differences (p < .05) are depicted 
using either letters (across time; underlined uppercase = overall 
time effect) or filled oversized squares (between groups across all 
timepoints) and data are expressed relative to FW parr. Values are 
represented as means ± SEM, and individual data points are shown.
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GABA signaling is important for regulating Dahlgren cell 
activity 24 h post-transfer to SW, but future studies should 
evaluate changes in other components of GABA signaling 
pathways (i.e., receptor abundance) to better understand 
how GABA is affecting the CNSS following SW transfer. 
Additionally, increased taurine transport into the CNSS 

may be an important response following SW transfer since 
taurine can aid in the maintenance of cellular osmolality 
and help to minimize oxidative damage.99–102

Fewer changes between FW-to-FW and FW-to-SW-
transferred fish were detected at 168 h post-transfer, 
with the most notable changes being an upregulation of 
genes related to protein folding and a downregulation of 
genes involved in neuron development and differentia-
tion. While the upregulation of genes related to protein 
folding and cellular stress (calr, hsp90b1a, dnajb11, and 
hspa5) likely indicates that SW-transferred trout may still 
have been acclimating to their new environment even 
after 168 h, it is less obvious why genes related to neuron 
development and differentiation might have changed. It 
is possible that these changes reflect adjustments in the 
neurosecretory activity of the CNSS (i.e., alterations in 
Dahlgren cell abundance) since previous work investi-
gating the effects of temperature changes on the CNSS 
of flounder also reported that cellular proliferation was 
reduced in response to either elevated or reduced tem-
peratures.10 However, these authors did not observe any 
changes specifically in populations of Dahlgren cells, 
suggesting that changes in genes related to neuronal pro-
cesses detected in the current study are also unlikely to 
reflect changes in Dahlgren cell abundance. Instead, these 
changes could reflect reductions in the growth of neurites 
(progenitors of axons and dendrites) since multiple DEGs 
in this GO cluster (slitrk5 and 2 paralogs of nptna) are in-
volved in modulating neurite outgrowth and activity103,104; 
however, further research is needed to determine what the 
functional outcome(s) of such changes might be.

Endocrine functions have been associated with the 
CNSS for over 60 years, yet the suite of hormone systems 
that are present in the CNSS and/or regulate the CNSS re-
mains unclear. Here, we confirmed the presence of com-
ponents in many endocrine systems that have previously 
been identified in the CNSS (e.g., AVP, corticosteroids, 
CRF, and somatostatin; see Table  2), as well as several 
hormone systems that have not previously been identified 
in the CNSS (e.g., calcitonin, growth hormone, IGF, and 
leptin; see Table 2). Interestingly, despite the high abun-
dance of PtHrP components in the CNSS of flounder,22,23 
all components of the PTH/PTHrP system that were 

F I G U R E  9   Effects of transferring seawater-acclimated (SW) 
Atlantic salmon (Salmo salar) to freshwater (FW) on transcript 
levels of (A) urotensin 1a (uts1a), (B) urotensin 1b (uts1b), 
and (C) corticotropin-releasing factor b1 (crfb1) in the caudal 
neurosecretory system (CNSS). Significant differences (p < .05) 
are depicted using letters, and data are expressed relative to 
SW-acclimated fish. Values are represented as means ± SEM, and 
individual data points are shown. Note that the FW group had 
never been in SW. NS, no significant differences.
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identified in our RNA-Seq data were very low in abun-
dance (i.e., below the abundance threshold for inclusion 
in our final gene list). Thus, it is likely that the comple-
ment of endocrine systems that are present in the CNSS 
varies across species, and additional work utilizing a di-
verse range of species is clearly warranted to better estab-
lish similarities and differences across teleosts.

In addition to being present in the CNSS, components 
of several hormone systems in the CNSS were affected 
by SW transfer. While some of these changes occurred 
in endocrine systems which have previously been iden-
tified in the CNSS and have conserved osmoregulatory 
functions (e.g., AVP, corticosteroids, and CRF55,56,105,106), 
we also detected changes in several hormone systems 
(e.g., calcitonin, IGF, tachykinin, and thyroid hormone 
systems) which we do not believe have previously been 
identified in the CNSS of any fish.3 Of these novel endo-
crine systems, changes in calcitonin and IGF systems are 
particularly notable since both hormone families have 
osmoregulatory functions. Calcitonin is involved in cal-
cium regulation,107 and calcitonin levels are often acutely 
elevated following SW transfer.108–111 Indeed, we found 
that transcript abundance of several calcitonin peptides 
was higher in SW-transferred fish at 24 h versus 168 h 
post-transfer. Interestingly, Björnsson et  al.108 reported 
that cortisol reduces circulating calcitonin levels in coho 
salmon (Oncorhynchus kisutch). While cortisol levels were 
3× higher in SW- versus FW-transferred fish at 24 h, lev-
els of the most abundant paralog of glucocorticoid recep-
tor 1 were 15% lower in SW-transferred fish at this time. 
Therefore, the observed elevation in calcitonin transcript 
abundance 24 h post-transfer may be mediated, at least in 
part, by local reductions in glucocorticoid receptor activ-
ity within the CNSS. Like calcitonin, the osmoregulatory 
actions of IGF-1 (i.e., increased ion secretion and im-
proved SW tolerance) are well established57,112; however, 
far fewer studies have evaluated osmoregulatory functions 
of IGF-2. In Atlantic salmon and black-chinned tilapia 
(Sarotherodon melanotheron), transfer from FW-to-SW 
caused transcript levels of both igf1 and igf2 to increase 
in the gills,113,114 but levels of these transcripts were re-
duced in the brain and liver of tilapia following SW trans-
fer114,115 suggesting tissue-specific regulation. The current 
data indicate that transcription of both IGF-1 and IGF-2 
is stimulated in the CNSS following SW transfer, but the 
temporal dynamics of these changes vary. While IGF-2 
was upregulated during early acclimation (after 24 h in 
SW), IGF-1 upregulation did not occur until later (after 
168 h in SW). In contrast to calcitonin and IGF, there is 
limited evidence for direct osmoregulatory roles of thyroid 
hormones in salmonids.116 Similarly, while tachykinin has 
many physiological functions,117 there is little support for 
an osmoregulatory role of this hormone family. Therefore, 

it is unlikely that the observed changes in either thyroid 
hormone or tachykinin systems are directly associated 
with osmoregulatory processes. Overall, these data extend 
our understanding of the importance of endocrine signal-
ing in the CNSS, but additional studies are necessary to 
determine whether these hormones (e.g., IGF and calci-
tonin) are released into circulation via the urophysis to 
exert physiological effects on other tissues, or whether the 
actions of these hormone systems are locally restricted to 
within the CNSS.

While few significant changes within the CRF sys-
tem were detected during our RNA-Seq analysis—levels 
of crfb2 were 65% lower in SW-to-FW versus FW-to-FW 
transferred fish at 168 h—we decided to further character-
ize transcriptional changes in the CRF system of the CNSS 
using qPCR because CRF peptides were highly abundant 
in the CNSS and their synthesis has previously been shown 
to respond to changes in environmental salinity.31,32 Using 
this more direct approach, we found that transcript lev-
els of the three major CRF peptide paralogs in the CNSS 
(uts1a, uts1b, and crfb1) were all 70%–170% higher in SW-
to-FW versus FW-to-FW transferred rainbow trout at 24 h 
post-transfer (similar, non-significant responses were also 
observed in the RNA-Seq analysis). These findings agree 
with previous studies which have generally shown that 
the transfer of FW fish to SW or marine fish to FW causes 
acute (≤24 h post-transfer) changes in protein/mRNA 
levels of CRF and/or UTS1,25,54,87 including in rainbow 
trout.31,50 Interestingly, Craig et al.31 reported that trans-
ferring rainbow trout from FW-to-SW caused elevated 
levels of crfb and uts1 in the CNSS 24, 72, and 168 h post-
transfer. It is unclear why our results differ from Craig 
et al.,31 but since body size is positively associated with SW 
tolerance in many salmonids,118,119 this difference may re-
flect the size of fish used in our study (~550 g) versus Craig 
et al. (~185 g). Regardless, because CRF peptides generally 
promote ion excretion across osmoregulatory epithelia in 
fish,26,28,29 acute activation of CRF peptide transcription 
following SW transfer likely helps fish develop the appro-
priate mechanisms needed to minimize the passive influx 
of ions and promote salt secretion—which is necessary for 
survival in hyperosmotic environments.120

In contrast to our rainbow trout results, transcript 
abundance of CRF peptides decreased when Atlantic 
salmon parr or smolts were transferred from FW-to-SW. 
However, this likely reflects prior anticipatory increases in 
the abundance of CRF peptides that were observed during 
the spring in both parr and smolts—although seasonal up-
regulations were much stronger in smolts than in parr—
prior to when SW migrations would normally occur. In 
advance of SW migrations, smolts undergo a variety of 
physiological adjustments during the spring, including 
many changes related to osmoregulation, which prepare 
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them to migrate from FW into SW.57 Based on the current 
results, it appears that increased activity of the CRF sys-
tem in the CNSS may be involved in regulating these pre-
paratory changes. Indeed, previous work reported that the 
cytophysiological activity of the neurosecretory neurons 
in the CNSS of coho salmon was higher in smolts than 
in parr.51 Furthermore, Nishioka et  al.51 also reported 
that activity in the CNSS of SW-acclimated coho smolts 
(6–8 months post-transfer) remained higher than that of 
FW-acclimated parr, which is consistent with the sus-
tained elevation of CRF peptide transcript levels in smolts 
even 240 h after SW transfer compared to FW-acclimated 
parr. While a central role for CRF peptides in the brain has 
previously been reported in preparation for seasonal mi-
grations in salmonids,59,121–124 we believe that the current 
data are the first report of seasonal changes in the CNSS 
CRF system of salmonids. Finally, in agreement with the 
apparent activation of CRF peptide transcription in the 
CNSS either in response to (rainbow trout) or in advance 
of (Atlantic salmon) exposure to increased salinity, we 
also found that levels of crfb1 transiently decreased 24 h 
after the transfer of SW-acclimated Atlantic salmon into 
FW. Thus, our data suggest that CRF peptide transcription 
acutely increases in response to hyperosmotic environ-
ments and acutely decreases in response to hypoosmotic 
environments in salmonids.

Overall, transcriptional responses of the CNSS follow-
ing transfer from FW-to-SW are temporally dynamic and 
are associated with changes in several endocrine systems. 
Additionally, elevated production of CRF peptides by the 
CNSS, either in response to or in advance of increased en-
vironmental salinity, appears to be a conserved response 
across salmonid fishes. Collectively, these results provide 
the most intensive investigation of the osmoregulatory 
functions of the CNSS at a molecular level conducted to 
date and offer several promising avenues for future studies 
to evaluate novel physiological contributions of the CNSS.
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